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A  Ml  LTl-ATTRIBUTE-irriLiTY-TKEORY  MODEL  THAT 
MINIMIZES  INTERVTEVV-DATA  REQUIREMENTS: 

A  CONSOLIDATION  OF  SPACE  LAUNCH  DECISIONS 


1.  Introduction 


i.l  Theoretical  Background 

One  of  the  limitations  in  applying  multi-attribute  utility  theory  to  actual  decision 
problems  lies  in  the  surs'cy  process.  For  a  fairly  large  model  the  survey  required  to 
capture  the  decision  maker’s  (DNf)  preference  structure  is  exceptionally  complex  and 
contains  questions  and  methodologies  which  arc  very  difficult  to  understand  In 
particular,  the  use  of  the  loiter}'  questions,  characteristic  of  MAUT,  in  the  survey  is  quite 
cumbersome  Typically,  binary  lottery  questions  arc  posed  as  follows  The  DM  is  giver, 
two  outcomes,  A  and  B.  such  that  the  probability  that  A  occurs  is p  and  the  probability 
that  B  occurs  is  l-p  The  DM  is  then  asked  to  specify'  C  such  that  he  is  indifferent 
between  obtaining  C  with  certainty  oiiu  tliC  GuiCOmC  of  the  iGitcry  iGttery  questions  can 
be  graphically  represented  as  shown  in  Figure  1.1. 

A 
B 


Figure  1.1  Lottery  Question 
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Problems  with  this  method  quickly  become  apparent  when  working  with , 
who  is  not  familiar  with  MAUT  A  great  deal  of  time  must  be  spent  by  the  interviewer  in 


% 


an  attempt  to  make  the  DM  fee!  ccrafcrtable  with  the  questions  being  asked.  The 
interviewer  must  review  the  axioms  of  probability  and  thoroughly  introduce  the  lottery- 
concept  to  the  DM.  The  survey  takes  a  great  deal  of  time  to  complete  (sometimes  days) 


and  too  often  the  DM  never  completely  understands  the  questions  he  is  answering.  As  a 


result,  the  DM  loses  confidence  in  the  model  that  is  being  developed  A  simpler  method  is 


needed  to  make  the  sun  ey  simpler  and  shorter 


1.2  Applications 

Rather  than  confine  our  research  to  only  theoretical  interests,  we  chose  to  apply 
the  theory  we  developed  to  a  model  that  could  be  used  as  a  real  decision  and  analysis  tool. 
We  concentrated  on  developing  a  model  for  evaluating  satellite  systems.  The  model,  using 
our  improved  multi-attribute  utility  theory,  was  used  for  two  case  studies.  One  focused 
on  satellite  analysis  by  intelligence  experts,  w  'hile  the  other  addressed  launch  scheduling 
and  prioritization  of  the  Titan  IV  launch  vehicle 

Analysts  at  the  National  Air  Intelligence  Center  (NAIC)  at  Wright-Patierson  AFB, 
OR  assemble  data  to  assess  the  space  capabilities  of  foreign  nations.  However,  it  is  often 
difficult  to  compare  systems  which  differ  vastly,  as  there  is  no  common  measurement  tool. 
Analysts  would  like  to  place  a  “value”  on  a  satellite  relative  to  other  satellites,  but  have  no 
means  to  a  compare  a  communications  satellite  from  one  ccLintry,  for  example,  with  an 
early  warning  satellite  from  another.  One  solution  was  to  build  and  use  a  MAUT  model  to 
assess  the  utilities  of  the  satellites.  The  satellites  could  then  be  compared  using  the 
common  utile  scale  of  the  muti-attribute  utility  function. 

Prioritizing  space  launch  continues  to  be  a  major  concern  in  the  current 
environment  of  limited  resources.  Space  missions  have  conflicting  requirements  for 
building  and  replenishing  satellite  constellations.  Launch  schedulers  face  the  dilemma  of 
scheduling  resources  that  cannot  accommodate  all  of  the  space  community’ s  launch  needs 
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A  useful  tool  in  this  process  would  be  a  MAUT  model  that  can  be  used  to  assess  the 
utilities  of  the  proposed  satellites  to  be  launched.  The  model's  results  can  then  be  used  in 
a  multi-criterion  optimization  (MCO)  problem  to  muAiniiZc  the  total  utility  of  the  Satellites 
launched  using  constrained  launch  resources. 


1.3  Problem  Statement 

The  problem  was  to  build  a  MAUT  model  that  could  be  used  to  assess  the  utility 
of  a  space  system  The  model  needed  to  be  flexible  enough  to  be  used  in  our  two  case 
studies. 

In  the  first  case  study  we  used  the  mode!  to  determine  utilities  and  rank  order  a  set 
of  foreign  satellites  and  determined  whether  the  model  rankings  match  the  informed 
opinions  of  the  intelligence  experts  at  NAIC. 

In  the  second  case  study  we  used  the  model  to  determine  the  utilities  of  a  set  of 
satellites  launched  by  the  5th  Space  Launch  Squadron  (5  SLS)  at  Cape  Canaveral  AFS. 
FL,  using  the  Titan  IV  launch  vehicle.  The  model’s  results  were  then  used  in  a  MCO 
problem  to  generate  a  theoretical  selection  of  launches  and  a  notional  processinc  schedule. 

In  developing  the  survey  instrument  for  the  model,  we  integrated  existing  multi¬ 
attribute  utilit}'  theories  to  simplify  the  survey  In  particular,  eliminating  the  use  of  lottery 
questions  was  our  primary  goal. 

1.4  Problem  Scope 

Research  and  analysis  was  limited  to  the  unclassif.ed  level  Due  to  potential 
classification  concerns,  the  designations  for  many  of  the  satellites  whose  utilities  were 
assessed  in  the  case  studies  was  omitted.  This  does  not  represent  any  limitation  to  our 
research.  We  were  not  concerned  with  the  actual  satellites,  only  that  the  model’s  output 
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accurately  reflected  the  preferences  of  the  DM  in  each  case  study  The  DM  in  each  case 
study  selected  the  satellites  that  were  assessed. 

1.5  Research  Approach 

This  research  used  a  phased,  analyst-directed  approach  (6:63).  We  constructed  a 
model  of  the  decision  maker’s  preferences  based  on  his  responses  to  a  systematically 
administered  survey.  The  results  of  the  survey  were  then  used  to  construct  a 
multiattribute  utility  function. 

Prior  to  developing  a  survey,  a  set  of  criteria  was  proposed  that  adequately 
describe  what  satellite  attributes  are  considered  in  assessing  its  utility.  .An  initial  set  was 
adopted  and  then  modified  through  consultation  with  experts  working  with  space  systems. 
The  survey  itself  was  also  used  to  verify  that  the  criterion  set  was  acceptable. 

Satellite  data  was  then  added  to  the  mode!  to  obtain  a  cardinal  rank  orderinn  of  the 
satellites.  The  model  rankings  were  then  compared  to  the  ranking  predicted  by  the  DM. 

A  linear  programming  model  was  developed  to  represent  the  Titan  IV  launch 
process  The  MAUT  mode!  results  were  used  with  this  .model  to  formulate  a  MCO 
problem  to  optimize  the  total  utility  of  the  satellites  selected  for  launch  and  to  build  a 
notional  processing  schedule 
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11.  Theoretical  Background 


In  this  chapter,  we  will  outline  some  of  the  key  multicnteriGn  decision  ntoking 
concepts  that  are  necessary'  to  develop  and  test  our  model.  We’ll  discuss  the  conditions 
that  allow  us  to  create  a  multicriteria  utility  function  that  adequately  describes  the  decision 
maker’s  preferences 


2.1  Pareto  Preference 

Basic  to  multicriteria  theory  is  the  concept  of  Pareto  preference.  Slniply  stated,  it 
is  the  idea  that  “the  mors  of  something  there  is,  the  better  off  we  feel  ,”  This  has  an 
intuitive  feel--we  prefer  more  money,  more  clothes,  more  food,  etc.  WTien  selecting 
criteria  in  an  optimization  problem,  it  seems  natural  to  assume  Pareto  Preference  for  the 
criteria.  However,  this  leads  us  into  a  trap. 

2.1.1  Unbounded  Problem.  Consider  the  example  given  by  Po-Lung  Yu 
(35;  184),  where  a  person  states  that  he  is  willing  to  work  on  Sunday,  if  he’s  paid  more 
than  $50  per  hour.  Clearly,  the  person  is  making  a  trade  off  between  leisure  time  and 
money.  It  seems  plausible  that  Pareto  preference  holds,  that  is,  he  prefers  more  money 
and  more  leisure  time  Suppose  we  wish  to  formulate  a  value  function,  of  the  form; 

=  (2-1) 

where //  znd/;  are  the  value  functions  for  money  and  leisure  time,  and  the  .\s  are 
weighting  factors.  Now  we  wish  to  find  the  optimal  point  (maximum)  for  this  person.  If 
Pareto  preference  holds,  then  this  is  an  unbounded  problem,  as  Yu  points  out  In  fact,  Yu 
warns  that,  in  general,  we  can’t  use  a  value  function  to  represent  Pareto  preferences 
(35:98). 
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2.1.2  Bounding  the  Criteria.  This  does  not  stop  us  from  using  the  concept 
of  Pareto  preference  in  our  model.  The  problem  lies  in  the  unboundedness  of  the 
optimization  problem  Hence  we  concern  ourselves  with  bounding  the  criteria  In  other 
words,  is  there  a  point,  Xo  ^  v(xti),  such  that  if  w’e  increase  x  further,  v(x)  no  longer 
increases?  We  look  at  tw’o  types  of  cases  where  this  occurs. 

Take  the  case  where  we  measure  a  system’s  value  by  its  level  of  mission 
accomplishment.  .As  we  increase  the  level  of  mission  aGGom.plishm.ent,  our  value  for  the 
system  increases-that  is,  more  is  better.  Once  we’ve  reached  100%  mission 
accomplishment,  however,  it  is  clear  there  is  no  added  value  in  having  further 
improvements.  Our  bound  here  is  that  it  makes  no  sense  to  complete  greater  than  !00?  2 
of  the  mission.  Hence,  the  optimal  point  for  this  single  criterion  can  be  determined. 

A  natural  bound  occurs  when  there  is  a  limit  to  how  much  of  an  attribute  can 


possibly  be  attained.  Technology  limitations  provide  an  obvious  case.  For  exam.p!e,  more 
accuracy  in  weapons  targeting  is  preferred  to  less.  However,  there  is  a  limit  to  how 
accurate  we  can  be,  due  to  limits  imposed  by  the  hardware  we  use  (misalignments,  etc.) 
and  the  environment  (atmospheric  eSects,  etc.).  Our  optima!  point  in  this  case  is  at  the 
accuracy  limit,  since  we  cannot  possibly  do  better. 

2.1.3  Tradeoffs  and  the  Efficient  Frontier.  Now  we  can  begin  to  put  the 
value  functions  associated  with  each  criterion  together  into  a  multicrite.rion  value  function. 
The  methods  for  accomplishing  this  will  be  discussed  later.  Our  optimal  value  is  clearly 
the  point  where  all  of  the  criteria  are  maximized,  if  that  is  possible.  But  what  if  they 
cannot  all  be  maximized  at  the  same  time  due  to  a  set  of  constramts'’  Here  the  decision 
maker  begins  making  tradeoffs  between  the  criteria  in  an  effort  to  maximize  his  overall 
utility.  We  study  the  way  these  tradeoffs  are  made  to  begin  determining  what  the  decision 
maker’s  multicriterion  value  function  lOCfCs  likv. 
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Even  without  a  formally  defined  value  function,  the  decision  maker  (DM)  can 
establish  a  set  of  points  which  are  non-dOminated.  called  the  £ffickr,i  fror.ikr  (14;70)  or 
Pareto  optimal  points  (6:8).  WTiile  the  DM  may  not  reach  a  single  optimal  solution,  those 
which  are  clearly  inferior  can  be  eliminated.  By  determining  upper  bounds  on  our  criteria. 


we  can  now  employ  mathematical  methods  to  d 
DM’s  utility. 
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2.2  Utilit}'  Function  Construction 

A  great  deal  of  the  research  in  this  thesis  is  devoted  to  deriving  the  multivariate 
utility  function  that  can  be  used  to  assess  the  decision  maker’s  valuation  of  a  space  system. 
There  are  a  multitude  of  methods  available  to  accomplish  this.  Ifi  particular,  we  11  look  at 
three— multicriterion  optimiaation  (MCO),  the  interactive  approach,  and  multi-attribute 
utility  theory  (MAUT).  Each  method  has  its  own  strengths  and  weaknesses. 


2.2.1  Multicriterion  Optimization.  MCO  problems  Topically  begin  wi 
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of  criteria  with  the  associated  univariate  value  functions.  We  then  attempt  to  optimize 
them  simultaneously,  subject  to  a  set  of  constraints,  using  multicriterion  linear  or  non¬ 
linear  programming.  This  method  yields  tlie  entire  efficient  frontier.  When  there  are 
several  criterion  functions  to  be  optimized,  the  process  becomes  computationally 
intensive,  but  several  computer  algorithms  have  been  developed  to  handle  this,  including 
ADBASE  (6:20).  One  weakness  in  this  approach  is  that  the  concept  of  what  Is  the 
optimum  solution  is  not  well  defined  when  the  multiple  oblectives  are  substantially 
different  (8:173).  This  research  first  attempts  to  find  a  utility  for  each  space  system  so 
that  differing  systems  may  be  compared.  MCO  is  inappropriate  for  this  task. 

However,  once  we  have  obtained  a  multi-variate  utility  function  to  evaluate 
satellites,  we  can  use  these  results  to  soi'^e  a  problem  that  optimizes  total  utility  subject  to 
constraints  on  available  resources. 
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2.2.2  Interactive  Approach.  There  is  currently  a  great  deal  of  interest  in 
interactive  methods  to  gain  insiglit  into  the  decision  maker’s  preferences.  This  method  is 
exceptionally  useful  when  it  is  not  possible  to  determine  a  ccniplctc  preference  funciton. 
The  decision  maker  need  only  express  “localized”  preferences  (6:23).  The  Franke-W'olfe 
algorithm  works  well  in  the  single  criterion  case,  and  the  Geoffrion,  Dyer  and  Feinberg 
methodology  extends  this  to  the  multicriterion  situation  (32; 84). 

There  are.  however,  some  disadvantages  in  this  approach,  panicularly  as  it  applies 
to  this  research.  First,  the  interactive  approach  is  generally  limited  to  ordinal  rankings 
(6:34).  Second,  the  method  is  very  much  a  “trial  and  error”  procedure,  and  with  several 
criteria,  it  can  take  a  great  deal  of  time  to  converge  on  an  optimal  solution  Worse  yet,  if 
the  DM  is  not  consistent  with  answers,  convergence  may  not  occur  at  all.  Finally,  these 
methods  do  not  lay  out  a  general  utility  function,  but  instead  a  series  of  localized 
preferences  (points  or  neighborhoods).  We  wish  to  have  a  general  form  in  which  a  new 
space  system  can  be  assessed  without  having  to  reconstruct  the  utility  function. 

2.2.3  Multiattribute  Utility  Theory.  MAUT  will  be  the  approach  used  In  this 
research.  It  allows  us  to  express  a  definitive  multiattribute  utility  function  that  can  be  used 
to  compare  vastly  differing  systems  against  a  constant  cardinal  scale.  Utility  functions 
derived  in  this  manner  can  take  on  many  forms,  but  are  commonly  either  additive  or 
multiplicative.  The  axiom  “the  utility  of  an  alternative  is  the  sum  of  the  utilities  of  each  of 
the  possible  outcomes”  (6:34)  provides  the  basis  for  this  approach. 

Typically,  univariate  utility  functions  are  constructed  by  asking  the  decision-maker 
a  series  of  lottery  questions  and  determining  certainiv  equivalents.  One  method  using 
lotteries  is  bracketing,  whereby  the  interviewee  is  asked  a  series  of  questions  designed  to 
“close  in”  on  the  certainty  equivalent  (8:378).  de  Neuftnile  suggests  the  use  of  an 
interactive  computer  program  to  avoid  possible  biases  from  the  interviewer  (8:379). 
Another  method  is  the  jractile  method,  where  certainty  equivalents  are  obtained  across 
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progressively  smaller  intervals.  The  lottery  equivalent  probability  (LEP)  method  uses 
lottery  equivalents  instead  of  certainty  equivalents  de  Neufville  cites  some  problems  with 
the  consistency  of  the  fractile  method,  and  suggests  that  LEP  alleviates  much  of  this 
(8:383). 

The  univariate  utility  functions  are  then  aggregated  into  a  multivariate  function. 
Zeleny  (36:419)  lays  out  a  five  step  process,  shown  in  Figure  2.1,  for  calibrating  this  utility 
function. 


1.  Familiarize  DM  with  the  concepts  and  techniques  of  utilia  ftincbon 
measuienient. 

2.  Verify-  independence  conditions  and  idenuft-  appropriate  utility 
decomposition  form,  v(}’), 

3.  Assess  the  component  value  ftinaicns  v.(yj, 

4.  Determine  the  parameters:  k.  \v‘s 

5.  Validate  the  consistency  of  v(y)  against  the  DM's  observed  rankings 


Figure  2.1  Utility  Function  Measurement  Steps 

The  key  advantage  of  this  approach  is  that  we  can  seek  a  utility  function  that  fully 
represents  the  decision  maker’s  preferences.  Once  the  function  has  been  calibrated, 
known  univariate  utility  function  values  for  a  given  system  can  be  inserted  and  the  overall 
utility  of  the  system  can  be  calculated.  At  this  point,  substantially  different  systems  are 
compared  using  a  single  cardinal  scale 
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2.3  Independence  of  Attributes 

The  -VIAUT  process  will  take  a  set  of  individual  univariate  utility  functions  and 
aggregate  them  into  a  single  multivariate  utility  (unction.  Chan  points  out  that  this  is  not  a 
valid  process  if  the  attributes  are  not  independent  (6:38).  There  are  three  types  of 
independence  we  will  be  concerned  with  in  this  research, /jre/emjria/,  utility,  and  additive 
independence. 

2  J.l  Preferential  Independence.  Preferential  independence  is  concerned 
with  ordinal  preferences  Zeleny  (36  420)  stales  that  a  pair  of  attributes,  X  and  Y,  are 
preferentially  independent  of  a  third.  Z,  if  the  value-trade  off  between  X  and  Y  is  not 
dependent  on  the  level  of  Z.  Preferential  independence  commonly  holds  for  most  decision 
problems,  or  is  at  least  well  approximated  (7.478). 

2  J.2  Utility  Independence.  Utility  independence  addresses  itself  with  cardinal 
preferences.  A  cardinal  utility  function  is  necessary  to  apply  it's  results  to  a  multi-criterion 
optimization  problem  WTien  revealed  lottery  preferences  of  an  attribute,  X,  do  not 
depend  on  the  given  level  of  another  attribute,  Y,  then  we  say  that  X  is  utility  independent 
of  Y  (36:421).  In  general,  X  bein  g  utility  independent  of  does  not  nvcessarly  imply  the 
reverse  When  the  reverse  does  hold  true,  then  X  and  Y  are  said  to  be  mutually  utility 
independent.  Zeleny  notes  that  utility  independence  implies  preferential  independence 
(36;421),  and  is  a  necessary  condition  of  a  multiplicative  utility'  fu.ncticn. 

2.3.3  Additive  Independence.  Additive  independence  also  addresses  cardinal 
preferences.  It  is  the  strongest  of  the  three  forms.  In  this  case,  revealed  lottery 
preferences  over  attribute  X,  do  not  depend  on  changes  in  lotteries  for  attribute  Y  (7.482). 
Thus,  when  comparing  uncert^n  outcomes  over  multiple  attributes,  the  problem  can  be 


evaluated  one  attribute  at  a  time.  Additive  independence  is  necessary'  for  an  additive  utility 


function  to  be  cardinal.  Parnell  cites  previous  research 


v-viuvit  iiiok 
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independence  rarely  holds  in  real  situations  (25:Ch  16. 5).  We  will  show  later  that 
additive  independence  clearly  does  not  hold  for  the  model  we  propose. 


2.4  The  Survey  Process 

As  discussed  before,  MAUT  relies  heavily  on  an  extensive  survey  conducted  with 
the  DM.  The  complexity  and  length  of  the  survey  is  therefore  the  subject  of  common 
criticism  of  this  methodology.  In  this  research,  we  pay  close  attention  to  the  sur/ey 
process  and  attempt  to  simplify  it  as  much  as  possible 

2.4.1  Constructing  Univariate  Utility  Curves.  The  use  of  fractile  or 
bracketing  methods  to  determine  the  shape  of  the  univariate  utility  functions  is 
cumbersome  and  difficult  for  the  DM  to  understand.  Kirkwood  offers  a  simplifying 
assumption  that  alleviates  this  problem  (15:44),  He  cites  extensive  empirical  research 
which  concludes  that  univariate  utility  functicns  are  well  approximated  using  an 
exponential  form.  Hence,  the  DM  needs  only  to  indicate  one  point  (for  example,  where 
utility  equals  0.5)  from  which  the  constant  to  the  exponential  function,  called  the  Risk 
Attinide  Constant,  is  derived  The  univariate  utility  curve  is  then  fully  deSned  for  the 
entire  range  of  the  attribute 

2.4.2  Verifying  Independence  Properties.  W'hen  there  is  a  large  number  of 
criteria,  verify  ing  the  independence  of  attributes  is  completely  unpractical. 

Let’s  examine  the  case  of  a  decision  problem  with  five  attributes.  To  show 
preferential  independence,  preferences  shown  over  a  pair  attributes  are  compared  with  a 
third  attribute  at  a  fixed  value,  and  then  the  comparisons  are  repeated  as  the  level  of  the 
third  attribute  is  varied  across  it’s  range  With  five  attributes,  this  requires  30  sets  of 
comparisons!  To  verify  mutual  utility  independence,  20  more  pairwise  comparisons  must 
be  made.  Clearly,  the  survey  quickly  becomes  too  buruensome  for  a  decisicii  maker  to 
complete  in  a  reasonable  amount  of  time. 
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Keeney  and  Raiffa  come  to  our  rescue.  They  state  and  prove  as  a  theorem  the 
following  (14:292): 

Given  attributes  X|,  X2,...,X„,  the  following  are  equivalent:  1)  Attributes  Xi. 

X2,...,X„  are  mutually  utility  independent,  and  2)  Xi  is  utility  independent  and  {Xi, 

Xi}  is  preferentially  independent  for  i  =  1, 2,  3, .  ..  n  and  n  >  3. 

This  immediately  eliminates  1 5  pairwise  comparisons  from  the  survey.  In  addition,  if  we 
carefully  define  our  criteria,  we  can  reasonably  make  the  assumption  of  preferential 
independence,  thereby  eliminating  30  more  sets  of  comparisons  Now  a  forbidding 
portion  of  the  survey  has  been  reduced  to  a  manageable  size. 

2.4  J  Assigning  Criterion  Weights.  Traditionally  in  MALT  cfitcfion  weigliis 
are  determined  using  lottery  questions  As  stated  before,  this  methodology  is  often 
confusing  to  the  decision  maker.  Simplification  is  necessary  to  achieve  consistent 
responses.  Seo  and  Sakawa  suggest  a  method  to  break  this  process  down  into  smaller, 
more  manageable  steps  (29:199). 

First,  we  ask  the  decision  maker  to  rank  the  attributes  in  descending  order  of 
importance,  which  is  norraaUy  a  fairly  easy  task.  Next,  we  assess  relative  weights.  Using 
one  attribute  (a  good  choice  is  the  attribute  ranked  highest)  as  the  base,  we  can  examine 
tradeoffs  between  the  base  attribute  and  the  other  attributes.  We  ask  the  question,  “How 
much  of  the  base  attribute  can  be  given  up  to  gain  and  additional  unit  of  another 
attribute?”  In  this  manner,  we  collect  information  on  the  preference  intensities  between 
the  attributes.  Consistency  can  be  checked  by  using  a  different  attribute  as  the  base  and 
reasking  the  same  questions. 

Finally,  the  weight  of  our  base  attribute  must  be  determined  Here  we  substitute 
the  swing  weight  method  proposed  by  Clemen  (7:448)  for  the  traditional  lottery  question. 
In  this  method,  we  stan  with  all  attributes  at  their  worst  level  (the  worst  possible 


alternative)  assigning  this  hypothetical  alternative  a  utility  of  0  Next,  we  “swing”  the  base 
attribute  to  its  best  possible  level,  and  ask  the  decision  maker  to  assign  a  utility  that 
describes  his/Tier  assessment  of  such  an  alternative.  The  utility  tlvus  assigned  can  be 
mathematically  shown  to  be  the  weight  of  the  base  attribute, 

Together  with  the  relative  weights  already  determined,  we  now  can  derive  all  of 
the  attribute  weights.  The  key  benefit  of  this  methodology  is  that  we  have  completely 
eliminated  the  use  of  lottery  questions. 

2.4.4  Ratio  Versus  Interval  Scales.  Using  the  combination  of  ratio  scale 
comparison  of  criteria  and  interval  scale  scoring  of  alternatives  is  not  without  precedent. 
Seo  and  Sakawa  specify'  this  combination  in  their  approach  to  measuring  utility 
functions  (29. 199).  Marv'in  and  Hutchinson  of  the  Analytic  Sciences  Corporation  also 
reported  success  in  using  this  methodology'  (20:8). 

There  has  been  considerable  debate  as  to  whether  this  combination  is 


appropriate  (20: 1).  The  method  proposed  in  this  research  takes  advantage  of  both  scales 
to  measure  the  criterion  weights,  as  suggested  by  Seo  &  Sakawa.  A  ratio  scale 
measurement  requires  a  e.xplicit  (or  at  least  implicit)  zero  point  The  swing  method 
specifies  the  zero  point  as  the  case  when  the  multivariate  utility  does  not  increase  when  the 
criterion  is  varied  from  its  low  value  to  its  high  value.  That  is,  the  criterion  weight  is  zero. 


Therefore,  it  is  valid  to  express  o 


n<a  r'cntArtr^Ti  oc  o  rotm  tr>  ovnotKar  r*rit»rir>n 

w  *v*v*\/  vwr  vMAVwiavk  vt^4^*.4w. 


Once  all  weights  are  expressed  as  ratios  to  each  other,  the  swing  weight  experiment  only 


needs  to  be  performed  once  to  place  the  weights  on  an  interval  scale.  The  advantage 


gained  is  that  ratio  comparisons  ar 


nc  'ira  frt  OX/f  c^innct  xi/P'irrlitc 
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2.5  The  Decision  Makers 

Once  we  have  examined  the  underlying  theory  required  to  make  our  mode! 
plausible,  we  need  to  turn  our  attention  to  the  decision  maker.  Since  every  individual  has 
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a  unique  system  of  preferences,  whom  we  select  to  conduct  our  interview's  with  is  verv 
important  More  importantly,  most  major  decisions  are  made  by  a  group  of  decision 
makers,  rather  than  by  an  individual.  MALT  provides  the  frame'.vork  for  deriving  an 
individual’s  utility  function,  but  not  a  group’s. 

2.SJ  Modeling  Group  Decisions  Using  Group  Utility  Functions.  One 
approach  is  to  attempt  to  aggregate  the  individual  utility  functions  into  a  group  utility 
function  (GUF).  However,  what  should  be  the  form  of  the  aggregated  function‘d  de 
NeufVille  indicates  that  finding  an  appropriate  form  to  represent  the  GUF  is  problematic 
and  usually  does  not  yield  satisfactory  results  (8  43 1 ).  Seo  and  Sakawa  show  that  under 
certain  conditions  an  additive  form  of  a  CLT,  ccm.bining  individual  DM  preferences,  may 
be  appropriate  via  their  “Representation  Theorem  for  a  GUF’  (29  236)  They  suggest 
two  methods  to  determine  the  weighting  factors  for  each  DM,  the  “benevolent  dictator” 
approach  and  the  “collective  response’’  approach.  In  the  form.er,  the  weights  are  specified 
by  a  knowledgeable  individual.  This  approach  is  trivial  in  its  application  but  often 
unsatisfactory  in  its  results  (29:237).  The  latter  approach  requires  an  extensive 
“interpersonal  comparison  of  preferences”  Including  an  “Lnterperscnal  co.mpariscn  of 
preference  differences”  (29:239)  This  process  is  too  complex  for  the  purpose  of  this 
research,  but  would  make  an  interesting  follow-on  study. 

2.5.2  Modeling  Groun  Derisinns  inf4!viH»«oi'e  lT*;i5tv  friinrtinn 

Another  approach  is  to  model  the  group’s  choices  as  that  of  an  individual.  This  eliminates 
the  problem  of  determining  the  functional  form  since  we  use  the  MALT  process.  Kobe! 
prize  winner  Kenneth  Arrow  noted  problems  with  this  approach,  however.  We  are  given 
the  example  of  “Arrow’s  Paradox”  (8:433)  where  a  series  of  expressed  preferences  by  a 
group  proved  to  be  intransitive.  This  intransitivity  is  unacceptable  for  a  utility  function. 

Keeney  and  Raiffa  (14:8)  again  offer  some  help  in  this  area.  Ln  deciding  whether 
to  use  an  individual  as  the  DM  or  a  group,  we  need  to  step  back  and  examine  the  purpose 
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of  our  research  Are  we  trying  to  describe  the  decision  process,  or  prescribe  what 
decision  should  be  made'’  Keeney  and  Raiffa  propose  that  a  unitary’  decision  maker  is 
appropriate  for  the  prescriptive  approach-our  model  is  to  indicate  what  solution  the 
decision  maker  should  propose  In  this  research  we  are  attempting  to  define  a 
measurement  tool  for  space  systems  which  can  then  be  used  to  make  the  best  decision 
possible,  according  to  a  decision  maker’s  preference  structure.  We  can  incorporate  into 
the  model  the  DM’s  perceived  notions  about  what  others  might  do  (i  e  the  political 
environment),  as  pan  of  the  uncertainties  he  faces.  Hence,  we  will  build  our  model  using 
a  unitary  decision  maker 

2.5.3  Characterizing  A  Group  Utility  Function,  As  mentioned  earlier,  once 
utilities  have  been  calculated  for  a  set  of  satellites,  we  can  use  the  information  to  fonnulate 
a  multi-criterion  optimization  problem.  Using  vector  sensitivity  analysis,  we  can  define 
some  limits  for  weighting  factors  that  will  affect  the  optimuiH  decision.  Richard  Wendell 
outlines  a  “tolerance"  approach  that  determines  how  much  each  objective  function 
coefficient  (in  this  case,  satellite  utilities)  can  simultaneously  and  independently  vary.  The 
tolerance,  t,  i.s  determined  from  the  formula  (34:56'^): 


r  =  Kfin\ 


c.-B'  A,,- c. 


i  C  h  B  <•  A  •  Ir 


(2-2) 


The  numerator  in  Equation  (2-2)  is  the  “reduced  cost”  of  the  kth  non-basic  variable, 
w  here  K  is  the  set  of  non-basic  variables.  The  formula  is  derived  from  the  classic  linear 
program,  which  is  “perturbed”  by  as  shown  in  Equation  (2-3).  When  c]  is  set  equal 
to  Cj,  y  represent.s  a  percentage  variation  from  each  original  coefficient. 


2-11 


(2-3) 


Max 

tsl 

n 

Subject  To  ZA,  -Xj 

fori  =  l,...m 

In  Equation  (2-3)  t  is  a  conservative  estimate  of  the  coefficient  variation  that  can  occur 
while  still  maintaining  the  original  optimal  basis.  In  Chapter  4  we  will  characterize  the 
effects  of  aggregating  an  individual  utility  function  with  another  into  a  GUF.  We  will 
analytically  determine  how  the  resulting  variance  of  the  ongina!  objective  function 
coefficients  from  their  original  values  affeas  the  optimal  solution  for  prioritizing  satellite 
launch  resources. 
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III.  Model  Formulation 


This  chapter  discusses  the  formulation  of  the  multicriterion  utility  function  that  was 
derived  as  a  result  of  this  research.  Once  the  utility  function  is  calibrated,  it  can  be  used  to 
assess  the  value  of  any  space  system  of  interest. 


3.1  Criteria 


Four  criteria,  which  are  in  turn  decomposed  into  sub-criteria,  were  chosen  such 
that,  as  a  set,  are  necessary  and  sufficient  to  describe  the  decision  maker's  entire  process 
of  considering  the  utility  of  a  space  system.  This  nvc-tier  hierarchy  is  shcv/n  in 
Figures.! 

Each  sub-criterion  is  scaled  from  0  to  1,  with  0  the  low  extreme,  and  I  the  high 
extreme.  The  scale  is  benchmarked  at  equal  mtcr.’als  (for  convenience)  with  word 
descriptions.  When  assessing  a  satellite,  the  ratings  may  fall  on  these  benchmarks  or 
anywhere  in  between.  Foreign  satellites  are  evaluated  from  the  “owner's  point  of  view.” 

The  model  is  organized  into  a  two  tier  hierarchy.  Sec  and  Sa.ka\v3  refer  to  this 
method  as  “nesting  of  preferences”  (29:206).  In  the  lowest  tier,  similar  criteria  are 
grouped  together.  Each  group  has  only  three  or  four  criteria,  and  are  referred  to  as  sub- 
cntcria  in  this  model.  At  this  lev  e!  pairwise  comparisons  atv  done  only  between  sub- 
criteria  within  the  same  group  This  eliminates  the  need  for  awkward  comparisons  of 


greatly  dissimilar  sub-criteria,  A  multivariate  utility  function  is  formulated  for  each  group 
of  sub-criteria,  and  are  called  the  criterion  functions  in  this  mode!.  Pair.vise  comparisons 
are  then  conducted  for  the  second  tier  of  criteria,  just  as  they  were  for  the  sub-criteria. 


Seo  and  Sakawa  show  that  MAUT  techniques  are  equally  applicable  to  a  tiered 


model  (29:207). 


The  overall  utility  function  is  then  formulated. 


TKa  nAt+Jnr»  or\nrr\*»rVi  ic 


advantageous  as  it  allows  us  to  work  with  a  model  that  has  thirteen  criteria  without 
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Figure  3.1  Model  Criteria 
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becoming  overburdened  with  the  pairwise  compansons.  Without  the  hierarchical 
organization,  the  model  would  have  required  comparisons  of  78  paired  sets  of  criteria. 
Our  model  reduces  this  to  21  paired  sets. 


3.1.1  Criterion  1:  Environment.  This  criterion  defines  the  value  associated 
with  the  time  dependent  “state  of  the  world.”  To  provide  consistent  value  ratings  for  the 
satellites,  a  “snapshot”  is  taken  and  scored.  This  criterion,  since  it  can  be  thought  of  as 
time  dependent,  allows  a  time  series  of  satellite  utility  to  be  shown,  since  multiple 
“snapshots”  can  be  taken  over  a  period  of  time.  In  addition,  this  criterion  allows  some 
“what  ifing”  to  be  done.  Note  that  the  scores  in  thus  criterion  will  be  identical  for  all 
satellites  owned  by  a  single  country. 

3.1. 1.1  Sub-Criterion  1-1:  Political  State.  This  sub-criterion  describes 
the  current  international  political  environment. 


Table  3.1  Political  States 


Level 

Le\el  Title 

Description 

0.00 

Peaceful  Stabilit>’ 

International  relations  are  stable  and  the  world  is  absent  of 
any  significant  militaiy/political  crises.  Obuously.  this 
state  is  rare. 

0.25 

Minor  Crises/Degraded  Stabilitv 

One  or  more  minor  local/regional  crises  are  in  progress 
that  do  not  immediately  threaten  national  security. 

Relations  with  allies  or  adversaries  may  be  degraded,  but 
negotiations  are  continuing.  For  most  countries,  this  is  the 
most  common  state  durim:  the  20th  century  . 

0.50 

Major  Crisis 

One  or  more  regional  crises  are  in  progress  that  potentiaUy 
threaten  national  security.  Relations  with  allies  or 
adversaries  arc  substantially  degraded,  and  negotiations  are 
seemingly  at  an  impasse.  This  would  describe  the  political 
landscape  throughout  most  of  the  19.30's. 

0.75 

Limited  War 

Tensions  between  nations  are  high.  Regional  conflict  has 
broken  out  that  threatens  national  security.  General  War 
threatens.  The  Korean  and  Vietnam  Wars  are  examples 

1.00 

General  War 

National  forces  are  fully  mobilized  and  committed  to 
intense  combat  World  War  II  exemplifies  this  state 
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3.1.1.2  Sub-Criterion  1-2:  Overall  Space  Capability.  This  sub¬ 
criterion  examines  the  overall  space  capability  of  the  nation.  The  Pareto  assumption  here 
is  that  the  more  overall  space-capable  a  nation  is.  the  more  individual  space  assets  are 
relied  upon. 


Table  3.2  Space  Capabilities 


Level 

000 


0.25 


0.50 


0.75 


l.OO 


Level  Title 
Primitive 


Minor  Space  Power 


Medium  Space  Power 


Major  Space  Power 


Space  Superpower 


I  Description 

Nation  has  virtually  no  space  assets  whatsoever.  In 
addition,  it  has  little  or  no  ability  to  interfere  with  other 

nation's  deployed  assets _ 

Possesses  limited  space  assets,  deployed  prinianly  in 
support  roles.  Some  interfercnce/januning  capabilin’  is 

likely. _ ' 

Assets  are  deployed  in  support  and  force  enhancement 
roles.  Demonstrated  cap^lity  to  interfere/jam  enemy 

satellite  systems. _ 

Assets  are  deployed  across  nearly  the  full  rajige  of  mission 
areas  and  are  integrated  somewhat  with  tenestrial  forces. 

Likely  offensive  anti-satellite  capabiliri’. _ 

Fully  deployed  and  integrated  systems  across  the  full  range 
of  missions  Demonstrated  olTensive/dcfensivc  anti- 
satellite  capability 


3.1.1.3  Sub-Criterion  1-3:  National  Economy.  This  sub-criterion 
describes  the  state  of  the  nation’s  economy  This  sub-criterion  may  at  first  appear  to  be 
scaled  in  reverse.  However,  we  are  considering  a  satellite’s  value  in  terms  of  the 
economic  conditions,  where  the  value  placed  on  the  asset  increases  as  economic 
conditions  worsen. 
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Table  3.3  National  Economies 


Le\el  I  Le\el  Title 

Dcscriotion 

0.00 

Boom 

Characterized  by  rapid  economic  growth  and  vigorous 
international  trade. 

0.25 

Growth 

Overall,  economy  is  healthy  and  expanding.  Trade 
barriers  are  minimal. 

0.30 

Stable 

The  most  common  economic  state.  Trade  relations  and 
currency  exchanges  are  stable.  Trade  barriers  may  be 
present,  but  do  not  scriouslv  hamper  trade  relations. 

0.75 

Recession 

Economy  is  shrinking.  Currency  exchanges  may  be 
unstable.  Trade  relations  are  constrained  and 
protectionism  is  presalcnt. 

1.00 

Depression 

Economy  is  in  rollapse.  International  trade  is  minimal, 
w'th  trade  barriers  dominating 

3.1.2  Criterion  2:  Mission  Impact.  Thit;  c.^t-rion  attempts  to  determine  the 
value  of  a  satellite's  inis5ion(s)  rslativs  to  the  !niss!on(s)  of  other  satellites.  As  such.,  the 
rating  given  may  reflect  an  entire  class  of  satellites,  for  example,  those  used  for  early 
warning. 


3.1.2.1  Sub-Criterion  2-1;  Mission  Criticality.  This  sub-criterion  rates 
the  relative  importance  of  satellite  missions,  such  as  early  warning,  communications, 
weather,  etc.  For  example.  General  Charles  A.  Horner,  former  Commander-In-Chief  of 
.Air  Force  Space  Command,  considered  Early  Warning  to  be  the  most  critical  space 
mission,  communications  the  second  most  critical,  with  remaining  space  missions  less 
important  relative  to  these  two  (11). 


Table  3.4  Mission  Criticalities 


Le\el 


Level  Title 


Description 


0.00 


Tri^al/Scientific 


Mission  is  primanly  scientific  in  nature,  and  has  virtually 
no  impact  to  the  warfighter.  This  does  not  mean  the 
satellite  is  useless,  but  that  it  has  no  direct  or  current 
application  to  military  offensive/defensive  capabilities. 


0.25 


Minor  Component 


While  not  contributing  directly  to  warfighting  capabilities, 
the  satellite  aids  forces  that  do. 


0.50 


Medium  Component 


Satellite  plays  a  collateral  role  and  increases  the 
effectiveness  of  other  forces. 


0.75 


Major  Component 


Satellite  mission  plays  a  significant  role  in  force 
offensive/defensive  strategy 


1.00 


Critical 


Mission  constitutes  a  critical  capability,  without  which  it 
would  be  difficult  or  nearly  impossible  to  conduct  wartime 
operations. 


3.1.2.2  Sub-Criterion  2-2'  Space'Grcund  Ratio.  Here  the  relative 
amount  of  the  mission  accomplished  by  space-based  assets  versus  terrestrial-based  assets 
is  examined. 


Table  3.5  Space/Ground  Ratios 


Level 

Level  Title 

Description 

0.00 

100%  Ground 

Terresuial  assets  perform  the  entire  operational  mission 

0.25 

Primarily  Ground 

Space  assets  are  sometimes  used  for  the  operational 
mission,  however,  ground  counterparts  dominate.  Space 
systems  terH  to  be  seen  as  e.xperimental,  and  serve 
primarily  in  backup  roles. 

0.50 

50/50  Mix 

Space  and  ground  assets  are  equally  relied  upon  to  perform 
an  assigned  mission. 

0.75 

Primarily  Space 

Space  assets  dominate  mission  accomplishment.  Ground 
assets  are  secondary  or  used  as  a  backup. 

1.00 

100%  Space 

The  entire  operational  mission  is  performed  by  space 
assets.  Ground  backup  is  not  available  or  is  unreliable. 
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3.1.2.3  Sub-Criterion  2-3:  Maturity  of  Mission.  How  well  the 
satellite’s  mission  is  understood  by  w'arfighters  and  integrated  into  overall  capabilities  is 
considered  in  this  sub-criterion. 


Table  3.6  Mission  Maturities 


1  Level  j  Level  Title 

Description 

0.00 

UnknowTi/Unused 

Satellite's  capabilities  are  not  understood  or  utilized  by 
strategic  and  tactical  commanders.  Satellite  remains 
largely  an  R&D  project. 

0.25 

Little  Known 

Satellite  capability  is  partially  understood  and  used  but 
only  on  a  basic  le\  el.  R&D  community  possesses  the 
expertise  to  operate  the  satellite. 

0.50 

Somewhat  Integrated 

Operational  Turnover  of  the  satellite  has  occurred  from  the 
R&D  community  to  the  operational  unit.  Capabilities  are 
still  being  e.\plored.  Information  concerning  the  satellite  is 
reaching  field  commanders  and  experimentaiytentative  use 
has  begun. 

075 

Widely  Known/Substantially 
Integrated 

Operation  of  the  satellite  is  “normalized.”  Field 
commanders  understand  capabilities  and  routinely  use 
them.  Some  integration  problems  still  exist,  and  alternate 
assets  are  maintained  and  ffequentlv  relied  upon. 

1. 00 

Fully  Integrated 

Satellite  is  fiiliy  understood  and  e.\pIoited.  and  capabiliUes 

are  fiilly  integrated  into  (heater  operations 


3.1,3  Criterion  3:  Cost/Do.Tiestic  Co.Ti.'r.itinent.  The  value  placed  o.n  a 
satellite  is  demonstrated  by  the  level  of  commitment  a  nation  makes  to  supporting  the 
continuation  of  its  mission. 

3.1.3.1  Sub-Criterion  3-1:  Economic  ^^Ou4Ut.tn.vnt.  The  fundms  status 
of  the  satellite's  production,  operations,  maintenance  and  related  infrastructure  is 
evaluated  here. 
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Table  3.7  Economic  Commitments 


Le\'el 

Level  Title 

Description 

0.00 

Near  Cancellation 

Commitment  to  satellite  (program)  is  tninimal  or  near 
termination.  Naniral  reasons  for  this  to  occur  is  that  it  is 
near  the  end  of  the  satellite  (program)  life  c>'de.  or  upon 
the  advent  of  a  new  technology  that  tenders  the  satellite 
obsolete.  Political  considerations  may  also  cause 
termination. 

0.25 

Drawdown 

Support  is  in  decline.  This  may  be  due  to 
poliiical/esonomic  considerations,  or  it  may  be  late  in  the 
satellite's  (program's)  life  cvcle. 

0.50 

Stable 

Funding  is  stable  Typical  of  a  satellite  (program)  near  the 
midpoint  of  its  life  cycle. 

0.75 

Growth 

Funding  is  growing  steadily.  Typical  of  a  young  satellite 
(program),  when  political  support  is  growing  and 
infrastructure  is  still  being  added. 

1.00 

E.\pIosive  Growth 

Political  support  and  funding  for  the  satellite  is  rapidly 
e.vpanding.  Political  support  is  consolidatine. 

3.1.3.2  Sub-Criterion  3-2:  Economic  Impact.  Wliile  the  previous  sub¬ 
criterion  looks  at  the  growth  rate,  this  sub-criterion  examines  the  current  size  and  impact 
due  to  the  commitment  to  the  satellite. 


Table  3.8  Economic  Impacts 


j  Level  i  Level  Title  I  Description  I 

0,00 

“Mora  &  Pop”  Program 

Very  small  organization  that  impacts  only  a  small  local 
economy.  Production  ^lities  might  consist  of  a  single 
small  plant. 

0.25 

Minor  Program 

Dominates  only  a  local  economy.  Production  facilities 
might  consist  of  a  few-  small  plants  or  a  single  large  one. 

0.50 

Regional  Program 

Program  iniriismicnjre  is  signiiicani  to  a  regional 
economy.  Program  is  large  enough  to  receive  some 
national  legislative  scrutiny. 

0.75 

Major  Program 

Program  infrastructure  is  significant  to  national  economy 
and  receives  substantial  public  and  legislative  attention. 

I.OO 

Intense  Program 

Substantial  sacrifices  are  made  at  the  national  level  to 
continue  funding  of  the  satellite's  in£rastructurc.  Single- 
minded  economic  prioritv  is  given  to  the  satellite. 
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3.1.3.3  Sub-Criterion  3-3;  Launch  Priority.  Launch  priority  given  to  a 
satellite  is  an  excellent  indicator  of  the  value  placed  on  that  asse,  This  sub-criterion  also 
includes  the  “'sparing”  strategy,  as  the  presence  of  spare  saiellites  on  ttie  ground  or  on- 
orbit  affects  the  priority  given  to  a  new  launch. 


Table  3.9  Launch  Priorities 


Level 

Level  Title 

Description 

0.00 

No  Near  Term  Launch/No 
Spares 

No  capabiliw  exists  to  replace  the  satellite  in  the  near  term. 
Replacement  satellites  have  not  been  constructed  and/or  no 
launch  vehicles  are  available. 

0.25 

Delayed  Schedule/Limited 
Sparing 

Replacement  satellites  have  been  partially  constructed,  but 
are  not  available  for  near  term  launch.  A  launch  schedule 
does  not  e.\ist,  is  iiKoinplcte.  or  delayed. 

0.30 

Stable  Launch 

Schedule/Substantial  Sparing 

Launch  of  replacement  satellites  can  be  accomplished  on  a 
schedule.  How  ever,  the  schedule  is  somewhat  inflexible. 
Spares  are  available,  but  most  are  on  the  ground,  and  those 
in  orbit  are  not  positioned  for  im.mediate  use. 

0.75 

Accelerated  Schedule.'Near 
Complete  Sparing 

Launch  of  replacement  satellites  can  be  accomplished  on 
an  accelerated  schedule.  Sev  eral  spares  are  consuvictcd, 
with  most  placed  in  orbit  to  be  positioned  in  the  short  term. 

too 

Launch  On 

Need'ComprelKnsive  Sparing 

Launch  possible  on  short  notice.  Comprehensive  sparing 
strategy  is  in  place.  On-orbit  spares  can  be  made 
operational  quicklv 

3.1.4  Criterion  4:  Satellite  Status.  This  c.riierio.n  takes  into  account  the 

indiridual  characteristics  of  the  satellite 

3.1.4.1  Sub-Criterion  4-1:  Mission  Performance  Status.  How  well  the 
satellite  is  performing  its  assigned  .mission  is  directly  applicable  to  the  value  th.at  is  placed 
on  it. 
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Table  3.10  Mission  Performance  Status 


Level 

Level  Title 

Description 

0.00 

Non-Opera  tional 

Satellite  is  degraded  to  the  e.vteni  that  it  cannot  be 
considered  operational. 

0.25 

Severeh’  Degraded/Turned  Off 
Spare 

Satellite  is  capable  of  performing  its  mission  only  to  a 
marginal  extent.  Satellite  may  be  configured  as  a  spare, 
with  sccondaiv  power  turned  off  until  needed. 

0.50 

Significantly  Degraded 

Satellite  satisfactorily  performs  its  mission,  but  at  a 
substanliallv  degraded  level. 

0.75 

Slightly  Degraded 

Satellite  performs  its  mission  as  e.\pected.  but  some  minor 
degradation  is  present. 

1.00 

No  Degradation 

Satellite  is  fully  capable  of  performing  its  missicn-no 
failed  or  degraded  units. 

3.1. 4.2  Sub-Criterion  4-2:  Contribution  To  Mission.  Rarely  does  a 
single  satellite  accomplish  an  entire  space  mission.  Typically,  satellites  are  grouped  into 
constellation  to  complete  an  assigned  mission.  Here  the  satellite's  contribution  to 
completing  the  mission  is  measured. 


Table  3.1 1  Mission  Contributions 


Lcv’el 

Level  Till: 

Description 

0.00 

Spare/No  Direct  Impaa  To 
Mission 

Loss  of  the  satellite  will  not  adversely  impact  the  capability 
to  accomplish  a  mission.  A  tvpical  case  wuld  be  a 
sateiliie  configured  as  a  spare. 

0.25 

Sccondaiy  Impact  To  Mission 

Los.s  of  satellite  would  impaa  mission  accomplishment  at  a 
secondary  level  only.  The  mission  completed  by  this 
satellite  can  be  readilv  transferred  to  another  satellite. 

0.50 

Impacts  Mission 

Loss  of  the  satellite  would  adversely  impaa  mission 
accomplishment.  Much  of  the  satellite’s  duties  can  be 
transferred,  but  noticeable  degradation  will  occur. 

0.75 

Strongly  Impacts  Mission 

Loss  of  satellite  significantly  impacts  mission 
accomplishment.  Satellite  mission  duties  are  largely 
irreplaceable,  hence  substantial  degradation  occurs. 

LOO 

Critical  To  Mission 

Loss  of  satellite  criticallv  impairs  mission  accomplishment. 
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3.1.4.3  Sub-Criterion  4-3:  Level  of  Technologj’.  In  general,  more 
modem  satellites  that  employ  improved  technologies  have  greater  capabilities.  In 
particular,  satellites  that  employ  newer  technologies  represent  a  significant  investment  in 
research  and  development.  While  high  tech  has  no  value  bv  itself,  the  investment  in 
technology  to  achieve  a  capability,  is  a  direct  indicator  of  the  value  placed  on  that 
capability. 


Table  3.12  Technology  Levels 


Le\el 

Level  Title 

Description 

0,00 

Primitive 

Space  technologj^  is  at  the  most  rudimentaiy  level.  A 
satellite  such  as  this  hearkens  back  to  the  davs  of  Sputnik. 

0.23 

30  Year  Old  State  of  die  An 

Tltis  represents  technologv  developed  and  eraploved  b) 
advanced  nations  in  llic  1960  s. 

0.30 

20  Year  Old  State  of  the  An 

niis  represents  technologv'  developed  and  emploved  by 
advanced  nations  in  the  197o‘s 

0.75 

10  Year  Old  State  of  the  An 

This  represents  technologv-  developed  and  emploved  by 
advanced  nations  in  the  1980‘s 

1.00 

State  of  the  Art 

Represents  the  current  best  possible  .1e:ded  space 
technologv- 

3.1,4.4  Sub-Criterion  4-4:  Expected  Remaining  Lifetime.  It  would 
seem  obvious  that  the  value  placed  on  a  satellite  depends  on  an  esti-maticn  of  how  long  the 
satellite  will  remain  operational.  This  is  to  be  distinguished  from  a  satellite’s  planned  life 
cycle,  which  is  a  fixed  timespan  estimated  by  satellite  designers.  The  expected  remaining 
lifetime  is  a  changing  estimate,  affected  by  the  spacecraft’s  age,  fuel  reserves,  and  known 
satellite  subsystem  failures. 
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Table  3.13  Expected  Remaining  Lifetimes 


Level  ! 

Level  Title 

Description 

0.00 

0  Years 

Complete  failure  is  e.vpected  at  anv  time. 

0.20 

3  Years 

self-e.'cplanaton- 

0.40 

6  Years 

u 

0.60 

9  Years 

u 

0,80 

12  Years 

1.00 

More  Than  15  Years 

a 

3.2  The  Survey  Instrument 


Conduct  of  the  survey  with  the  decision  maker  is  perhaps  the  most  critical  portion 
of  this  research.  The  survey  was  designed  with  four  coals  in  mind:  clarity,  simplicity, 
brevity,  and  consistency.  The  survey  is  written  using  Microsoft  Excel  Version  5.0 
software.  All  mathematical  calculatioris  are  performed  in  a  separate  section  that  is 
transparent  to  the  DM.  Completed  surveys  for  the  two  case  studies  conducted  in  this 
research  are  included  as  Appendix  A  and  Appendix  B. 

3.2.1  Survey  Preparation.  The  survey  is  designed  to  be  used  m  a  face-tc-face 
interview.  The  analyst  provides  initial  background  information,  guides  the  decision  maker 
through  questions,  and  records  responses.  As  de  Neufville  points  out,  an  experienced 
analyst  is  important  to  this  process  (8:376).  The  analyst  should  conduct  a  few  practice 
sessions  with  trial  decision  makers  before  conducting  the  survey  with  the  actual  DM. 

The  DM  must  be  gradually  introduced  to  the  concepts  of  utility  theory.  Clemens 
very  neatly  lays  out  a  set  of  “axioms  of  expected  utility”  that  is  useful  in  acccmplishirig 
this  (7:405-406).  Further,  the  DM  must  be  reminded  that  there  are  no  “right  or  wrong” 
answers  Remember,  the  goal  of  the  survey  is  to  capture  the  DM’s  preference  structure. 

The  survey  is  divided  into  five  sections  to  assist  the  DM  in  understanding  the 
survey  flow.  Each  section  has  a  specific  purpo.se  which  should  be  explained  to  the  DM 
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before  proceeding.  Survey  questions  are  worded  to  be  as  clear  as  possible.  In  particular, 
we  make  use  of  theory  developed  in  Chapter  2  to  eliminate  difficult  lottery  questions. 

The  survey  is  designed  to  take  no  more  than  two  heura  to  complete.  An  exhausted 
DM  is  unlikely  to  give  reliable  or  consistent  responses  The  role  of  the  analyst  is  key  to 
success  in  this  area,  as  shown  by  decreasing  survey  completion  times  in  this  research  as 
the  analyst  became  more  e.xperienced.  The  first  test  survey  (the  results  of  Vvhich  arc  net 
included  in  this  hnal  report)  took  more  than  four  hours,  and  yielded  some  very 
contradictory  results  The  first  case  study,  in  contrast,  took  2  1/4  hours  to  complete, 
while  the  second  case  study  survey  was  done  in  less  than  1  1/2  hours. 

Finally,  consistency  is  achieved  by  using  a  written  survey.  As  Clemens  astutely 
points  out,  how  questions  are  posed  can  greatly  influence  the  answers  given.  By  using  a 
wrinen  survey,  we  are  assured  that  the  DM  for  both  case  studies  are  given  identical  survey 
instruments. 

3.2.2  Survey  Section  1:  Mapping  the  Sub-Criterion  lUility  Functions. 

The  DM  is  given  some  information  and  answers  a  question  concerning  each  sub-criterion, 
first,  the  sub-criterion  is  defined.  Each  sub-criterion  is  scaled  from  zero  to  one,  and 
discrete  levels  of  the  sub-criterion  between  these  points  are  defined.  Next,  the  DM  is  told 
that  the  lowest  level  of  the  attribute  is  assigned  a  niltiiinum  utility  of  0,  wliile  the  highest 
level  of  the  anribute  Is  assigned  a  maximum  utility  of  1  That  is: 

Utility{0)  =  0 
UtUityi\)^\ 


The  DM  is  then  asked  to  define  an  attribute  level  such  that  he'she  feels  has  a  utility  of  0.5. 


3-13 


Utilityil)  =  0.5 


(3-2) 


These  three  points  allow  the  univariate  utility  ilincticn  to  be  drawn,  using  ths  metr 
proposed  by  Kirkwood  and  discussed  in  section  2.5.1. 


Figure  3.2  Univariate  Utility  Curve 


The  mathematical  representation  of  this  univariate  utility  function  takes  the  form. 


UtilityiX)  = 


]-exp(R4C  X  X} 
I- exp  {RAC} 


(3-3) 


where  X  e  [0, 1]  and  the  risk  attitude  constant,  RAC,  {RAC  *  0)  is  determined  from  the 
0.5  utility  point  specified  by  the  decision  maker.  The  RAC  is  determined  using  a  “0.5 
Utility  Point  versus  RAC”  lookup  table  that  was  created  using  Kukv/nod’s  Decision 
Analysis  software  (16). 


If  the  DM  indicates  that  the  utility  midpoint  (0,5)  occurs  at  the  attribute  midpoint 
(0  5),  then  the  univariate  utility  function  is  linear,  and  the  RAC  =  0.  In  this  case,  the 
mathematical  representation  of  the  utility  function  is  simply 

UtilityiX)  =  X  (3-4) 


3.2.3  Survey  Section  II;  Independence  Verification.  Preferential 
Independence  is  assumed  for  this  model  for  two  reasons.  First,  as  Keeney  points  out, 
Preferential  Independence  is  a  reasonable  assumption  for  most  multi-attribute  decision 
models  and  cases  where  it  does  not  hold  are  fairly  rare  ( 1 3 : )  40).  Second,  as  the  criteria 
were  being  defined,  careful  attention  was  paid  to  the  requirement  of  preferential 
independence  to  avoid  any  violation  of  this  condition 

A  single  sub-criterion  is  then  chosen  as  a  basis  for  companson.  We  ask  a  series  of 
questions  to  detennine  whether  this  sub-criterion  is  utility  independent  of  each  of  the  other 
twelve  sub-criteria.  The  DM  is  asked  whether  the  utility  midpoint  chosen  in  section  I  of 
the  survey  for  the  base  sub-criterion  is  affected  by  changing  the  level  of  any  of  the  other 
sub-criteria.  If  it  is  not,  then  the  base  sub-criterion  is  utility  independent  of  the  other  sub¬ 
criterion.  Here  we  make  full  use  of  Keeney's  weaker  conditions  for  utility  independence 
described  in  section  2.5.2.  Hence,  mutual  utility  independence  is  verified. 

3.2.4  Survey  Section  III;  Multivariate  Criterion  Utility  Functions.  In 
this  section  the  sub-criteria  are  grouped  into  their  respective  criteria.  The  DM  is  asked  to 
rank,  in  descending  order  of  importance,  the  sub-criterion  Ln  each  group.  Once  the  sub¬ 
criteria  are  rank  ordered,  the  DM  is  asked  to  indicate  their  relative  importance. 

3.2.5  Survey  Section  IV':  Multivariate  Criterion  Utility  Functions, 

Part  2.  This  is  perhaps  the  most  difficult  section  of  the  survey.  The  sub-criteria  are 
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again  grouped  into  their  respective  criteria.  Then  for  each  group,  the  following  definitions 


are  given. 


(3-5) 


Given  these  definitions,  the  DM  is  now  asked  to  assign  a  utility  vaiue  to  a  satellite  where 
the  highest  ranked  sub-criterion  is  set  at  its  maximum  level  while  the  other  sub-criteria  are 
set  at  their  respective  minimum  levels. 

.  Jrf .  x”'" )  =  ?  (3-6) 


Seo  and  Sakawa  prove  that  the  utility  vaiue  given  by  the  DM  for  this  type  of  formulation 
is  the  weighting  factor  of  the  maximized  sub-criterion,  x;  (29:200).  The  process  is 
repeated  for  each  group  of  sub-criteria. 

3.2.6  Survey  Sections  V  and  VI:  Creating  the  Overall  Utility  Function. 
In  section  V,  just  as  in  section  III,  the  DM  no'.v  ranks  the  criteria  in  descending  order,  then 
assesses  their  relative  weights.  Section  \T  parallels  section  IV.  This  section  has  proven  to 
be  a  little  bit  tricky.  Maximizing  a  criterion  takes  place  when  all  of  its  respective  sub¬ 
criteria  are  maximized.  Similarly,  a  criterion  is  irJni.mized  when  all  its  sub-criteria  are 
minimized.  Hence,  the  DM  is  attempting  to  assign  a  utility  to  a  situation  where  thirteen 


sub-criteria  are  set  a  fixed  values.  Despite  the  diflKculty,  this  method  is  still  infinitely 
superior  to  lotteiy  selections,  as  it  is  still  much  easier  to  tvcrk  with  than  with  lottery' 
questions.  The  analyst’s  guidance  in  this  section,  along  with  the  experience  gained  by  the 


DM  in  section  IV,  made  this  task  manageable. 
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3.3  Utility  Function  Calibration 

Once  the  survey  has  been  completed,  the  Excel  software  (21)  is  programmed  to 
automatically  determine  weighting  factors  and  calibration  constants.  The  analyst  does  not 
need  to  perform  any  mathematical  calculations,  but  simply  presses  (F9)  to  have  the  Excel 
program  begin  the  calculations,  which  take  about  30  seconds  to  complete. 

3.3.1  Functional  Form  of  the  Multivariate  Utility  Function.  The  reason 
for  establishing  preferential  and  utility  independence  Ln  Section  II  of  the  survey  js  that  they 
are  necessary  conditions  for  a  multiplicative  utility  function  of  the  form  (8:408): 


(3-7) 


where  the  U(X^'^  are  the  univariate  utility  functions,  the  w/s  are  the  calibrated  weighting 
factors,  and  k  is  the  normalizing  parameter  that  allows  multivariate  utility  function  to  also 
be  scaled  from  0  (worst)  to  I  (best).  The  same  functional  form  holds  for  both  the  criterion 
utility  functions  and  the  overall  utility  function. 

3.3.2  Weighting  Factors.  Sub-criterion  weights  are  derived  from  questions  in 
sections  III  and  IV  of  the  survey,  and  the  criterion  weights  are  calculated  using 
information  in  sections  V  and  \T.  A  sub-criterion’s  (criterion's)  weighting  factor  is  found 
by  multiplying  the  weighting  factor  assigned  to  the  highest-ranked  sub-criterion  (criterion) 
by  the  sub-criterion’s  (criterion's)  relative  weight. 


Clemens  offers  some  discussion  on  an  interesting  implication  of  these  weighting 
factors.  When  the  weights  of  a  set  of  criteria  are  summed,  if  they  add  to  less  than  one,  the 
criteria  are  said  to  be  substitutes  for  each  other  Conversely,  if  the  sum  is  greater  than 
one,  they  are  complements  of  each  other  (7:484).  This  insight,  provided  to  the  DM  during 
the  survey  process,  can  greatly  assist  the  DM’s  thought  proces.s  when  assigning  weights. 
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3.3.3  Calibration  Constant  Calculation.  Once  the  weights  have  been 
detennined,  the  calibration  constant  A  can  be  calculated.  We  begin  with  the  multiplicative 
fom  in  Equation  (3-7),  We  then  set  all  of  the  criteria  to  their  maximum  values,  making 
each  U(Xj  =  1.  This  simplifies  the  equation  to: 


k 


Equation  (3-8)  is  expanded  and  the  constant  is  moved  to  the  right-hand  side.  For  the  four 
criteria  case  we  now  have 


0  =  w.  +H’,  +>^5  +w^  +^(m',U',  +w,Wj  +w',h’^  -rH'jW^)  + 


We  can  solve  for  k  by  finding  the  root  of  this  equation.  The  Excel  spreadsheet  is 
programmed  to  iterate  to  find  this  root.  We  now  have  a  fully  calibratcu  multiVaTiatc  utility’ 
function.  The  process  is  repeated  for  each  criterion  and  finally  for  the  overall  function. 

3.3.4  Calculating  Satellite  Utilities.  After  the  utility  function  has  been 
created,  satellites  can  be  scored  in  each  of  the  thirteen  sub-criteria.  The  Excel  spreadsheet 
uses  this  data  to  first  calculate  the  univariate  utilities.  The  univariate  utilities  are  then  used 
to  calculate  the  criterion  utilities,  which  are  in  turn  used  to  calculate  the  final  ulilitv. 


3.4  Titan  Launch  Optimization  Model 

Once  satellite  utilities  are  calculated,  we  can  use  them  to  optimize  the  use  of 
limited  launch  resources.  First  we  will  need  to  develop  a  mathematical  model  to  represent 
the  launch  process. 
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3.4.1  Launch  Processing  Flow.  The  Titan  IV  launch  process  is  shown  in 
Figure  3.3  (31).  The  processing  flow  is  complex,  including  separate  flows  for  the  core 
vehicle,  Inertial  Upper  Stage  (lUS)  or  Centaur  Upper  Stage,  and  the  solid  rcckst  metors. 
However,  our  model  size  is  limited  by  the  available  PC  software  (26: 10-2),  hence  for  this 


stages  are  not  used  for  ever>’  launch.  Finally,  core  processing  takes  the  longest  to 
complete,  and  all  other  components  are  eventually  integrated  into  it.  Core  processing 
appears  then  to  be  the  critical  flow,  and  a  reasonable  portion  to  represent  the  overall  uGw 


Vehicl«/Hardware 

62% 


Grcjnd/Operations 

12% 


Figure  3.4  Duration  of  Delays:  Titan  1982  -  Present 

Our  model  traces  the  flow  through  three  points,  the  Vertical  Integration  Building 
(VIB),  the  Solid  Motor  Assembly  Building  (SMAB)/Solid  Motor  Assembly  and  Readiness 
Facility  (SMART),  and  the  two  launch  pads  (SLC  40/41).  The  network  flow  is  extended 
into  a  dynamic  program  with  the  incorporation  of  time  as  a  variable.  This  inclusion  will 
enable  us  to  create  a  launch  process  schedule  in  addition  to  optimizing  the  utility  gained 
from  satellite  launches.  The  model  flow  is  shown  in  Figure  3.5.  The  processing  time  in 
each  node  is  modeled  deterministiclv,  using  averase  Drocessina  Titnn  iniinrh 

history.  The  mathematical  formulation  of  the  model  is  contained  in  Appendix  C. 
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VIB  SMAB  SLC  40/41 


!  I  ^  Y  )‘ 

Figure  3.5  Launch  Processing  Model 


The  average  time  for  complete  processing  of  the  launch  vehicle  is  approximately  8 
months;  4  months  in  the  VTB,  2  months  in  the  SMAB,  and  2  months  on  the  launch 
pad  (18).  This  includes  the  time  necessary  to  refurbish  the  launch  pad.  Refurbish  time  is 
included  as  part  of  the  pad  processing  time,  as  that  resource  is  unavailable  for  the  next 
launch  vehicle  until  refurbishment  is  complete 

3.4.2  Resource  Constraints.  Once  the  launch  vehicle  flow  is  modeled,  we  add 
a  set  of  resource  constraints  to  the  optimization  problem.  The  VIB  is  capable  of 
processing  five  vehicles  simultaneously.  The  SM^3/SMMIF  can  process  ttvo  vehicles  at 
a  time,  and  the  launch  pads  can  process  one  each  (18). 

3.43  Launch  Windows.  Normally,  each  satellite  has  an  optimal  time  period 
for  launch.  In  the  case  of  interplaneiar}’  .missions,  launch  times  are  critical  to  achieve 
necessary  rendezvous  times  for  mission  phases  such  as  gravity  assist  trajectories.  For 
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earth  satellites,  launch  deadlines  may  be  set  to  achieve  specific  mission  objectives,  such  as 
replenishing  satellite  constellations.  These  launch  windows  cause  satellites  to  compete  for 
the  constrained  launch  resources.  Solution  of  our  model  will  show  how  these  sometimes 
conflicting  requirements  are  traded  ofif  and  use  of  the  launch  facilities  is  optimized. 
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IV.  Research  Results 


In  this  chapter,  we  present  the  results  of  this  research,  and  demonstraie  some 
applications  for  the  data  obtained. 


4.1  Primary  Results:  Case  Study  #1 

The  first  case  study  attempts  to  take  a  set  of  foreign  satellites  and  compare  them 
using  a  common  measurement  tool,  our  utility  function.  The  DM  is  this  case  study  is  the 
head  of  an  intelligence  team  at  the  National  .^r  Intelligence  Center,  Wright-Patterson 
AfB,  OH.  The  mode!  is  expected  to  geneiatw  a  ntatlicniatiCally abased  cardinal  rank 
ordering  of  systems,  which  accurately  reflects  the  intuitive  judgment  of  an  experienced 
intelligence  analyst.  The  successful  model  will  enable  a  less  experienced  analyst  to  achieve 
similar  results  by  simply  collecting  Satellite  techruCal  data  and  iriptitting  it  into  the  model. 

Eight  real-world  operational  satellites  from  three  foreign  countries  were  selected 
and  their  respective  utilities  assessed.  To  avoid  any  potential  release  of  sensitive 
information,  the  actual  satellite  designations  and  count.7  of  crigm  are  omitted.  The 
satellites  are  numbered,  with  the  owning  country  indicated  by  a  letter  designation. 

Satellites  1  through  5  are  surveillance  satellites,  while  satellites  6  through  8  are 
communications  satellites. 


After  collecting  data  for  the  satellites,  the  DM  was  asked  to  indicate  an  intuitive 
rank  ordering  for  the  satellites,  with  ties  allowed.  The  data  collected  are  shown  in 
Appendix  A.  The  overall  results  arc  shcwT.  in  Table  4. ! .  The  satellites  are  grouped  by 
mission  and  ranked  within  their  respective  group.  Overall,  the  results  were  excellent.  No 
reversals  between  the  expected  rankings  and  the  model  rankings  occurred. 
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Table  4.1  Case  Study  Ul  Results 


A1 

A2 

A3 

61 

Cl 

A4 

A5 

A6 

Predicted  Rank  Ordering 

1 

3 

B 

5 

B 

2 

Utility  Determined  by  Model 

.65 

.66 

.57 

.52 

.67 

.58 

.52 

Model  Rank  Ordering  (By  Mission) 

1 

3 

B 

5 

B 

2 

3 

Model  Rank  Ordering  (Overall) 

2 

6 

5 

8 

B 

B 

B 

4.2  Primary  Results:  Case  Study  ^2 

In  the  second  case  study  we  assessed  the  utilities  of  a  set  of  satellites  that  are 
launched  on  the  Titan  IV,  the  United  States’  largest  launch  vehicle.  The  cardinal  rank 
ordering  obtained  can  be  used  to  prioritize  limited  launch  resources,  using  multi-criterion 
optimization  (MCO)  tools.  The  DM  used  in  this  case  was  the  Titan  launch  squadron’s 
(5  SLS)  long  range  mission  planning  ofScer. 

Five  satellites  due  to  be  launched  on  the  Titan  IV  in  the  coming  years  were  chosen. 
The  launch  designated  K-a  is  Milstar  DFS-2,  part  of  the  DOD’s  newest  and  most  modem 
satellite  communications  system.  Launch  K-b  ts  a  Defense  Support  Program  early 
warning  satellite.  Launch  K-c  is  Cassini,  NASA’s  mission  to  Saturn,  scheduled  for  take¬ 
off  during  October  1997.  Launches  K-d  and  K-e  are  typical  payloads  whose  identities 
are  concealed  for  the  purpose  of  this  research. 

As  in  the  last  case  study,  data  were  collected  for  the  satellites  and  put  into  the 
model.  The  DM  is  asked  for  an  intuitive  rank  ordering  to  compare  the  model  against. 

The  data  collected  are  in  Appendix  B,  while  the  overall  results  are  shown  in  Table  4.2. 

Just  as  in  the  first  case  study,  the  model  rankings  accurately  reflected  those  predicted  by 
the  decision  maker. 
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Table  4.2  Case  Study  #2  Results 


K-a 

K-b 

K-c 

in 

Predicted  Rank  Ordering 

n 

5 

B 

3 

Utility  Determined  by  Model 

.45 

.64 

.38 

.39 

.45 

Model  Rank  Ordering 

2 

B 

5 

B 

3 

4.3  Strategic  Equivalence  With  Additive  Utility  Function 

At  this  point,  we  turned  our  research  towards  seeing  if  our  utility  function  could  be 
expressed  using  a  simpler  form.  We  were  interested  if  an  additive  function,  rather  than  a 
multiplicative  one,  could  still  yield  eq  titv aient  results.  In  partictilar,  wCi  w  n^i 
strategic  equivalence.  Strategic  equivalence  applies  to  the  ordinal  ranking  of  alternatives. 
If  tw’o  utility  functions  yield  the  same  rank  ordering  for  a  set  of  alternatives,  they  are  said 
to  be  strategically  equivalent  (6:45).  If  we  car.  show  t.his,  we  must  still  address  the 
cardinality  of  the  alternative  rankings,  that  is,  whether  the  strength  of  preferences 
calculated  using  the  additive  and  multiplicative  forms  are  “equivalent.”  The  additive  form 
of  a  multivariate  utility  fii.nctio.".  is  shown  ni  Equation  (4-1). 

utility(X)  =  H-.  •  m(x  )  (4-1 ) 

I 

4.3.1  Criterion  Weights.  Rather  than  re-administer  the  survey  instrument  to 
the  DM,  we  used  the  data  collected  in  the  original  sur.'cy.  Recall  that  in  the  additive 
the  weights  of  the  criteria  sum  to  one,  whereas  in  the  multiplicative  form  they  do  not.  In 
re-using  the  original  survey,  we  assume  that  the  relative  weights  between  criteria  which 
were  r^DOrtfid  bv  th&  DM  arp  HffiAn  tTiA  rrinetroJnt  tkoT  rff*^  ♦/> 

VTVAW  i  w^v/i  vj  iiiw  wiv  wwaioviuiiik  vaiut  iiLWjr  dUiii  VW  VliW. 


4-3 


This  is  a  reasonable  assumption*  since  the  DM  was  not  made  aware  in  the  original  survey 
of  how  the  weights  would  be  summed. 

Once  this  assumption  is  made,  calculating  the  weights  for  additive  functions  is 
simple.  The  following  formulation  is  used,  .showing  the  three  criterion  case  as  an  example: 


H’i  +  — wr - VI-'.  -  ‘ 

Wi  Wi 


(4-2) 


Here  wj  is  the  most  important  criterion,  as  indicated  by  the  DM,  and  w/n>{  and  w/wi  are 
the  relative  weights  reported  by  the  DM.  We  used  the  results  of  Case  Study  ni  for  our 
comparison,  and  calculated  the  new  sub-criterion  and  criterion  weig.hts  shown  in  Table  4  .3 
and  Table  4.4. 


Table  4.3  Sub-Criterion  Weights 


M 

1-2 

1-3 

M 

J-2 

H 

3-1 

■ 

m 

4-1 

4-2 

4-3 

4-4 

MuMpUcatlvc 

.675 

.75 

563 

.043 

045 

05 

63 

.63 

■ 

1 

.085 

.075 

.09 

AddHivf 

.377 

.3-JO 

233 

.309 

3:-! 

.358 

.286 

.243 

2!-< 

2.'7 

Table  4.4  Criterion  Weights 


Eii\irimnwiit 

Mbiton 

bnpacf 

Com/DoowsUc 

Commhnmf 

SmcIUiv 

Status 

lilMi 

.3 

.27 

.285 

.27 

AdAtfvc 

,267 

24 

.253 

.24 
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4J.2  General  Case.  With  the  weights  calculated,  the  satellite  data  we  collected 
earlier  was  put  in  to  the  additive  model  A  comparison  of  the  rank  ordering  achieved  for 
each  utility  function  form  is  shown  in  Table  4.5.  The  additive  model  uses  the  additive 
form  of  Equation  (4-1)  for  both  the  criterion  utility  functions  and  the  overall  utility 
function. 


Table  4.5  Ranking  Comparison 


VI 

,V1 

m 

rt 

A4 

A5 

AS 

MiJMpUt'itIvt 

3 

m 

■ 

■ 

■ 

■ 

■ 

■ 

3 

■ 

■ 

■ 

8 

2 

■l 

Clearly  the  rank  orderings  are  different.  The  additive  form  is  ast  strategically 
equivalent  to  tjie  multiplicative  form. 

We  tried  two  other  approaches  as  well.  First,  we  used  multiplicative  criterion 
functions  and  an  additive  overall  far.cticn.  T.his  also  was  not  strategically  equivalent  to  the 
original  function  Finally,  we  tried  using  additive  criterion  functions  with  a  multiplicative 
overall  function.  This  yielded  similar  results— no  strategic  equivalence  with  the  original 
utility  function.  We  conclude  that,  in  general,  the  simpler  additive  mode!  is  not 
appropriate  to  substitute  for  the  multiplicative  model. 

4,3.3  Limited  Case.  We  found  that  there  can  be  strategic  equivalence  under 


certain  limited  circumstances,  at  least  for  the  cv 
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case  where  the  Environment  and  Mission  Impact  criteria  are  held  constant  while  the  other 
two  criteria  are  varied  This  corresponds  to  the  situation  where  a  group  of  satellites  from 
the  same  country  (Environment  scores  are  equal  for  a!)  satellites  from  the  same  country) 
with  the  same  mission  (hence  Mission  Impact  scores  are  equal)  arc  rank  ordered, 
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Given  these  limitations,  we  found  that  strategic  equivalence  holds  between  the 
multiplicative  and  additive  forms  of  the  utility  function.  This  was  true  for  all  values  of  the 
varied  criteria,  and  for  ail  values  rested  for  the  criteria  held  couSiaut.  Fi£urs  4.1 
graphically  shows  strategic  equivalence  for  the  case  where  the  Environment  and  Mission 
Impact  criteria  scores  are  both  0.5.  Note  that  the  equivalent  utility  isovalue  lines  for  the 
additive  and  multiplicative  functional  forms  do  not  cross  each  other  within  the  range  of  the 


Satellite  Status 


Figure  4.1  Strategic  Equivalence 


varied  criteria.  In  this  particular  case,  they  are  very  nearly  parallel.  Strategic  equivalence 
was  indicated  in  this  limited  case  for  both  case  studies.  Hence,  while  strategic  equivalence 
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does  not  hold  in  general,  we  find  that  in  at  least  one  practical  application,  the  additive 
form  may  be  used  to  achieve  the  same  ordinal  rankings  as  the  original  function. 


4.4  Launch  Prioritization  and  Scheduling 

In  case  study  i^2,  five  satellites  were  scored  and  their  respective  utilities  calculated. 
The  scores  and  utilities  are  shown  in  Appendix  B,  and  are  used  to  fonrmlatC  me  launch 
optimization  problem. 

4.4.1  Model  Assumptions  and  Restrictions.  One  year  was  chosen  as  the 
time  period  for  study.  The  model  could  have  been  built  for  any  period  of  time,  however, 
as  noted  before,  our  model  size  was  limited  bv  the  available  PC  software.  Notional  launch 
windows  were  created,  with  the  intent  that  some  would  conflict  with  each  other.  In 
particular,  we  required  that  satellites  K-a  (Milsiar),  K-b  (DSP),  and  K-e  be  launched 
during  time  period  7  (during  mo.nths  11  and  12,  with  pad  reftirbishment  complete  at 
beginning  of  month  13).  Satellite  K-c’s  launch  window  was  time  period  6,  and  K-d’s  was 
period  5,  In  addition,  it  was  assumed  that  continuous  processing  of  satellites  (rather  than 
early  process  Starts  that  are  later  put  “on  hold”)  was  the  most  efficient  method  These 
restrictions  were  written  into  the  linear  program  model  contained  in  Appendix  C. 

4.4.2  Model  Solution.  The  model  successfully  reached  an  optimal  solutiofl  for 
maximizing  utility  along  with  a  processing  schedule  achjeving  this  optim.um.  The  model 
also  indicated  that  there  were  alternative  optimum  schedules.  One  optimum  launch 
processing  schedule,  using  the  restrictions  set  forth  in  Section  4.4.1,  is  shown  in  Table  4.6. 
Note  that  K*c,  w'hich  had  the  lowest  utility,  was  selected  for  launch.  This  is  because  K-e, 
which  has  a  higher  utility  than  K-c,  was  constrained  by  its  launch  window  requirement. 

This  shows  that  when  optimizing  with  multiple  constraints,  the  highest  utility  satellites  are 
not  automatically  the  ones  chosen 
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Table  4.6  Titan  Launch  Schedule 


4.5  Characterizing  A  Group  Utility  Function 

In  Section  4.4,  we  showed  how  the  results  Srom  analyzuig  the  launch  DM’s 
preference  structure  can  be  used  to  optimize  a  launch  schedule.  But  the  decisions  made 
concerning  launch  schedules  are  certainly  not  made  by  a  single  individual.  More  likely, 
launch  decisions  will  be  made  by  a  group,  With  the  operatiCnal  launch  sc^uacircn  s 
preferences  only  one  of  many  Other  decision  makers  include  those  from  HQ  Air  Force 
Space  Command,  the  Pentagon,  the  various  satellite  user  communities,  and  the  launch 
vehicle  and  satellite  contractors.  Having  calculated  an  optimal  solution  to  cur  launch 
scheduling  problem,  how  much  can  the  individual  satellite  utilities  simultaneously  and 
independently  vary  from  those  originally  determined  by  the  launch  DM,  and  still  be 
assured  of  this  same  optimal  solution?  We  use  Wendell  s  tolerance  approach,  discussed  in 
Chapter  2,  to  answer  this  question. 

4.5.1  Deficiency  in  the  Tolerance  Approach.  A  substantial  weakness  in  this 


approach  is  found  when  there  are  alternate  optimal  solutions  to  the  linear  problem. 
Alternate  optimal  solutions  are  indicated  when  there  is  at  least  one  “reduced  cost”  equal  to 
zero  for  a  non-basic  variable.  W'hen  this  occurs,  the  tolerance,  t,  equals  zero  (34:567). 
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This  means  that  when  any  change  to  any  of  the  objective  function  coefficients  (the  satellite 
utilities)  occurs,  we  cannot  be  assured  of  the  same  optimal  solution.  This  is  precisely  the 
case  with  the  solution  to  our  launch  scheduling  model.  Unfortunately,  Wendeil’s 
methodology  offers  no  way  to  work  around  this  situation.  We  must  make  some  changes 
to  the  model  to  avoid  alternate  optimal  solutions. 

4.5.2  Model  Simplifications.  We  start  by  exaniiiiirig  the  output  of  the  onginal 
model.  This  network  is  also  a  maximum  flow  problem.  The  maximum  flow  through  the 
network  is  equal  to  the  most  constrained  point  Recall  that  two  satellites  can  be  processed 
simultaneously  through  the  SMAB/SMARF  and  the  launch  pads.  Either  of  these  two 
points  can  be  modeled  as  the  critical  point  in  the  processing  flow,  W'e  win  use  the  launch 
pads  in  our  adjusted  model. 

Each  satellite  takes  eight  months  to  complete,  which  means  that  if  no  satellites 
start  the  year  already  being  processed,  none  can  be  launch  prior  to  the  eig.hth  m.onth,  and 
the  pad  will  not  be  ready  for  the  next  launch  until  the  beginning  of  the  ninth  month. 

Hence,  in  our  reduced  model,  we  are  only  concerned  with  launch  options  during  time 
periods  5,  6,  and  7. 

The  reduced  model  is  shown  in  Appendix  D.  The  model  is  now  small  enough  to 
be  solved  using  LfNDO.  It  yields  the  same  optimum  solution,  1 .859  utiles,  as  the  original 
model.  However,  analysis  of  the  optLmal  tableau  reveals  reduced  costs  of  non-basic 
variables  equal  to  zero,  again  indicating  alternate  optimal  solutions.  Another  modification 
is  necessary’. 

If  we  confine  our  interest  now  to  only  whether  a  satellite  is  launched,  discarding 
the  scheduling  portion  of  the  problem,  the  model  can  again  be  simplified.  Since  two 
satellites  can  be  simultaneously  processed  on  the  pads,  satellites  K-c  and  K-d  are  not 
constrained,  as  they  are  each  the  only  satellite  to  be  launched  within  their  respective 
launch  windows.  However,  there  are  three  satellites,  K-a,  K-b,  and  K-e,  with  the  same 
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launch  window,  which  are  constrained  by  the  pad  capacities.  This  second  reduced  mode! 
is  also  shown  in  Appendix  B.  It  yields  the  same  optimal  objective  function  value  as  the 
two  previous  models,  however,  the  solution  is  at  last  unique,  and  we  can  now  apply  the 
tolerance  approach. 

4.5.3  The  Tolerance  Approach  Applied.  We  formulate  the  “perturbed” 
linear  program  described  by  Equation  (2-3).  In  this  formulation,  Cj  is  the  vector  of 
objective  function  coefficients,  and  K  is  the  set  of  ncn=basic  variables. 

=  (0.452,  0.644,  0.377,  0.386,  0.450,  0.  0,  0,  0,  0,  0) 

{E,  SLCj,  SLC4.  SLCi.  SLC^} 


The  zero  values  in  cj  are  the  slack  variable  coefficients,  which  are  added  during  the 
problem  solution.  Likewise,  the  SLCiS  are  also  slack  variables,  in  this  case  those  that  are 
not  in  the  optimal  basis.  Appl>'ing  Equation  (2-2),  we  find  that  z  equals  0.0022.  That  is, 
each  coefficient  in  the  objective  function  (the  satellite  utilities)  can  simultaneously  and 
independently  vary  up  to  0.22  %  without  changing  the  optimum  solution. 

The  interpretation  of  this  solution  is  most  easily  seen  by  comparing  the  Ittiear 
program  objective  function  that  corresponds  to  the  launch  squadron’s  preferences,  shown 
in  Equation  (4-4),  to  the  objective  function  that  corresponds  to  a  group’s  preferences, 
shown  in  Equation  (4-5). 

MAX  Ui(K-a)  YK..  +  Ui(K-b)  YK.b  +  U.(K-c)  Yk.. 

+  Ui(K-d)-YK.i  +  Ui(K-e)YK., 


MAX  GUF(K-a)  YK..  +  GUF(K-b)- Yk . b  -  GUF(K - c) •  Yk - . 
+  GUF(K.d)-YK.d  +  GlJF(K-c)-Y;:.. 
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To  be  assured  that  the  group's  optimum  decision  is  the  same  as  that  of  the  launch 
squadron’s  decision  maker,  the  coefficients  of  Equation  (4-5)  must  be  such  that  for  each 
satellite: 

Ui(K-i)  -  [Ui(K-i)- 0.0022]  ^  GUF(K-i)  <  Ui(K-i)  -  [Ui(K-i)- 0.0022] 

(4-6) 

4.5.4  Using  Tolerances  to  Characterize  a  Group  Utility  Function.  To 

show  how  a  GUF  can  be  characterized  by  the  tolerance  calculated  in  the  last  section,  we 
assume  that  the  group  being  modeled  has  Two  decision  makers-thc  localized  perspective 
of  the  launch  squadron  DM,  and  a  DM  with  a  more  global  perspective,  such  as  a  DM  at  a 
major  command  headquarters.  For  simplicity,  in  this  case  we’ll  use  the  preference 
structure  we  obtained  from  Case  Study  "1  as  our  global  perspective. 

First,  we’ll  Cv.mpare  the  utilities  obtained  for  the  same  set  of  satellites  using  the 
two  different  preference  structures  The  comparison  is  shown  in  Table  4.7.  Note  that  the 
rank  ordering  of  the  satellites  is  not  the  same  for  the  two  DM’s. 


Table  4.7  Comparison  of  Decision  Maker  Preferences 


K-a 

K-b 

K-c 

111 

K-e 

Launch  DM  Utilities 

.452 
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377 
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.450 

Launch  DM  Rank  Ordering 
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B 

B 

B 

3 

NAIC  DM  Utilities 

.669 

.740 

.623 

.610 

.673 
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If  we  assume  the  GUF  takes  on  an  additive  form  such  as  the  one  shown  in  Equation  (4-7). 
we  can  specify,  using  the  tolerance,  limits  to  the  weighting  factors  that  allow  the  optimal 
solution  to  be  unchanged: 

GUF{x)  =  wiU;(x)  -  w:U:(x)  (4-7) 


The  greatest  percentage  difference  in  satellite  utilities  between  the  DM’s  occurs 
with  satellite  K-c.  To  calculate  the  critical  weights  (where  a  change  in  optimal  solution 
can  take  place)  we  solve  the  following  set  of  equations: 


.377.W1+.623-W2  =  .377  r 
wl-w2  =  1 


(4-8) 


Solving  these  equations,  we  find  that  wl  >  0.9967  This  means  that  we  are  guaranteed  the 
same  optimum  solution  only  if  the  launch  DM’s  preferences  are  weigmcd  at  least  99.67%. 
Figure  4.2  graphically  shows  this  result.  The  GUF  isovalue  curve  is  a  straight  line  since 
we’ve  assumed  an  additive  GUF  for  this  case.  When  wi  ^  .9967  the  tangent  point  to  the 
highest  attainable  GUF  iso  value  is  along  the  efiucient  frontier  deSned  for  the  launch 
squadron.  When  Wj  is  varied  below  the  0.9967  threshold  (and  the  corresponding  slope  of 
the  GUF  isovalue  lines  decrease)  the  point  of  tangency  is  on  the  undefined  efficient 
frontier  of  either  the  proxy  DM  or  the  group. 

Remember  that  this  result  is  obtained  independent  of  any  satellite  utilities 
associated  with  the  proxy  DM  W'hen  the  preferences  of  the  proxy  DM  are  specified,  the 
range  of  GUF  weights  that  allows  the  launch  DM’s  preferences  to  prevail  is  considerably 
wider,  figure  4.3  graphically  shows  this  result.  Note  that  the  optimum.  GW  isovalue 
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Figure  4.2  GUF  Characterization 


always  falls  tangent  to  either  the  launch  squadron’s  or  the  proxy  DM’s  efficient  frontier 


A  group  efficient  frontier  does  no 


I  uvwiitvr  m  itao  w*oav. 

Now  we  can  make  some  statements  concerning  the  GUF  Given  the  launch  DM’s 
utilities,  we  can  specify-  a  range  of  weighting  factors  where  we  can  guarantee  that  the 
launch  DM’s  preferences  will  pre’^  'ail  in  Gpiimizing  the  laiincu  schedule.  In  this  particular 
case,  the  range  is  exceptionally  tight.  This  is  because  two  of  the  satellites  competing  for 
the  same  launch  window,  K-a  and  K-e,  have  utilities  which  differ  by  only  0.02.  If  we 
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Figure  4.3  GUF  Character^tion  With  Proxy  DM  Eflicient  Frontier 


re-run  this  model  where  K-e  is  replaced  by  K-d,  we  can  calculate  a  tolerance  of  5.12%. 
and  a  corresponding  range  of  wi  >  0.92 

The  tolerances  and  weighting  ranges  should  2i  first  appear  extre.niely  con5e.a'2riye. 
When  the  proxy  DM’s  preferences  are  defined,  the  group’s  optimum  solution  differs  from 
the  launch  DM's  optimaf  sofution  only  ifwi  s  2.(3  in  the  GUF.  Further,  when  K-e  is 
replaced  by  K-d,  the  optimum  solution  remains  t.he  same  regardless  of  the  weighting 
factors!  However,  the  tolerance  approach  does  not  consider  the  individual  utilities 
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associated  with  other  DMs.  It  assesses  a  “worst  scenario”  situation;  which  in  this  case  is 
where  the  utility  of  K-e  (originally  0.450)  rises  0,22%,  and  the  utility  of  K-a  (originally 
0.452)  falls  0.22%.  When  we  use  K-d  vice  K-e,  the  weights  used  in  the  GuF  are  trivial 
because  both  DMs  agree  on  the  rank  ordering  of  the  satellites.  Thus,  we  see  that  if  the 
changes  in  satellite  utilities  (the  coefficients  of  the  LP’s  objective  function)  remain  within 
our  tolerance,  we  are  guaranteed  the  same  optimal  solution  for  the  group’s  decision  and 
for  the  original  individual’s  decision. 


4-15 


V'.  Conclusion 


Wc  now  discuss  the  conclusions  reached  as  a  result  of  this  research,  and  offer 
some  suggestions  for  future  research. 

5.1  Research  Results 

Overall,  this  research  was  quite  successful.  All  of  the  major  goals  stated  in 
Chapter  1  were  met  as  planned. 

5.1.1  Simplifying  the  Survey  Process.  Our  prime  theoretical  concern  was 
whether  we  could  substantially  simplify  the  NtAUT  survey  process.  Usually,  survey 
instruments  are  so  complex  that  the  DM  is  confused  to  the  extent  that  his  responses 
become  inconsistent,  and  the  DM  often  leaves  the  process  with  little  confidence  in  its 
validity. 

We  made  three  major  simplifications  to  the  surv-ey  instrument,  which  were 
primarily  centered  on  eliminating  the  the  need  to  use  lottery  questions  to  capture  the  DM’ 
preference  structure.  Kirkwood’s  assumption  of  exponential  univariate  utility  eurve.5 
provided  the  first  simplification.  This  eliminated  the  need  for  using  the  fractile  method. 
The  fi'actile  method  has  been  criticized  for  its  lack  of  consistent  results  (8:353). 

Next  we  reduced  the  number  of  pairwise  comparisons  required  to  verifV  utility 
independence  by  taking  advantage  of  Keeney  &  Raiffa’s  “weaker  conditions.”  As  they 
point  out,  without  these  conditions  we  must  examine  2"  -  2  utility  independence 
assumptionsfornattributes(14:292)  Forourmodel  this  is  8190  verifications!  These 
conditions  reduced  the  number  of  verifications  to  12,  a  far  more  manageable  undertaking. 

To  determine  the  preferences  between  criteria  without  using  lottery  questions,  we 
used  a  combination  of  methodologies  by  Seo,  Sakawa  and  Clemens.  As  a  result  of  our 
applying  Seo  and  Sakawa’s  theory,  the  DM  needed  only  to  indicate  the  most  important 


criterion,  and  then  express  the  weights  of  the  other  criteria  as  a  ratio  to  this  criterion. 
Clemen  provided  the  means  to  determine  the  weight  to  be  assigned  to  the  most  important 
criterion  via  the  swing  weight  method.  Using  this  weight  and  the  weight  fatios  between 
the  criteria,  the  remaining  weights  could  be  derived. 

The  MAUT  model  we  constructed  was  fairly  complex,  having  thirteen  criteria. 
Taking  advantage  of  a  hierarchical  organiaalion  reduced  the  number  of  required  paired 
criteria  comparisons  from  78  to  21  This  organization  allowed  a  logical  grouping  of 
criteria,  and  eliminated  the  difficult  task  of  comparing  criteria  which  were  greatly 
dissimiliar. 

Our  survey  simplifications  allowed  the  entire  survey  to  be  administered  in  an 
average  time  of  less  than  two  hours,  without  the  use  of  frustrating  lottery  questions.  In 
both  case  studies,  the  DM  left  the  survey  with  a  good  understanding  of  the  process  and 
was  confident  in  the  outcome  of  the  model 

5.1.2  Automating  the  Model’s  Utility  Calculations.  This  task  was  not 
particularly  difficult,  but  it  will  greatly  enhance  the  ability  of  NAIC  analysts  to  update  the 
preference  structure  they  use  to  evaluate  satellite  utilities.  The  program  is  written  using 
Microsoft  Excel  Version  5  0.  The  analyst  does  not  need  to  be  trained  in  MAUT  to  use  the 
program.  The  model  only  requires  the  analyst  to  update  the  survey,  if  desired,  and  enter 
the  sub-criterion  scores  for  each  satellite  being  assessed.  The  Excel  program  calculates 
the  weighting  factors  and  calibration  constants,  and  outputs  the  respective  satellite 
utilities 

5.1.3  Strategic  Equivalence.  We  determined  that  in  general  an  additive  utility 
functional  form  could  not  be  successfully  substituted  for  the  multiplicative  form. 

However,  we  showed  that  the  additive  form  can  be  used  for  at  least  one  limited  case, 
when  rank  ordering  satellites  from  a  single  count.'}’  that  all  perfonn  the  same  mission. 
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5.1.4  Application  of  the  Model  to  an  Optimization  Problem.  Here  we 
demonstrated  that  the  utilities  calculated  for  a  set  of  satellites  can  be  used  to  optimize  the 
use  of  limited  launch  resources.  We  showed  that  a  set  of  constraints  can  preclude  a 
satellite  with  a  high  utility  from  being  selected  for  launch,  while  selecting  a  satellite  with  a 
relatively  lower  utility  for  launch.  In  general,  simply  taking  the  rank  ordering  of  a  set  of 
alternatives  and  selecting  the  top  n  alternatives  as  the  optimal  solution  is  not  appropriate  in 
a  constrained  environment.  A  cardinal  scaling  and  an  explicit  m.ode!  of  limited-resource 


allocation  is  necessary  for  the  final  implementation  of  decisions. 

5.1.5  Characterizing  a  Group  Utility  Function.  Using  the  results  of  the 
optimization  problem,  we  wfe  able  to  make  some  observations  about  how  the  use  of  a 
group  utility  function  might  influence  the  decision  being  made.  Using  the  tolerance 
approach,  we  were  able  to  state  the  conditions  under  which  the  launch  DM’s  decision 


would  be  guaranteed  to  prevail  in  a  group  environment.  More  importantly,  Ln  the  two  DM 
cases  we  examined,  we  were  able  to  state  these  conditions  without  determining  the 
efficient  fi'ontier  of  the  second  DM,  and  without  specifying  the  form  of  the  group  utility 
function. 


5.2  Recommendations  for  Further  Study 

During  the  course  of  this  research,  some  difficulties  were  encountered  which 
should  be  addressed  in  future  research.  In  addition,  there  are  several  areas  of  interest  that 
can  be  explored  as  extensions  to  the  results  presented  here 

5.2.1  Group  Utility  Functions.  There  is  a  great  deal  of  potential  for  future 
research  in  this  area.  First,  the  case  of  three  or  more  decision  makers  should  be  examined. 
Rather  than  use  a  proxy  DM,  actual  participants  in  the  launch  decision  process  should  be 
interviewed  to  determine  their  preference  strucrures.  In  addition,  future  research  should 
attempt  to  model  the  GUF  using  a  multiplicative  form,  since  the  additive  form  rarely 
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applies  to  real  decision  proi  !ems  Historical  launch  decisions  should  then  be  used  to 
validate  the  impro\  ed  model  While  the  exact  form  of  a  GLT  is  difficult  to  explicitly 
determine,  these  theoretical  advances  might  be  used  to  approximate  the  launch  decision 
makers’  preferences  The  improved  model  can  then  be  used  as  a  tool  to  assist  in  maWing 
future  launch  decisions 

5.2.2  Launch  Model  Simplicity.  Since  the  launch  optimization  model  was  not 
the  primary  focus  of  this  research,  it  was  greatly  simplified  to  allow  for  a  timely 
demonstration  of  the  possible  extensions  of  our  MAUT  results.  For  the  model  to  be 
appropriaiel;  used  to  represent  the  Titan  launch  process,  it  should  be  expanded  to  include 
the  other  processing  flow  s,  such  as  that  of  the  Centaur  Upper  Stage.  The  mode!  was  also 
deterministic  with  respect  to  activity  durations  A  more  realistic  model  should  use  a 
stochastic  approach 

5.2.3  Modeling  Uncertainties  In  Assessments.  When  satellites  arc  scored  in 
a  sub-criterion,  the  analyst  chooses  a  point  on  the  sub-criterion’s  scale  that  best  describes 
the  satellite.  But  often  the  analyst  is  not  certain  of  the  satellite’s  characteristics  More 
likely,  the  analyst’s  knowledge  is  lim  Litcd  to  u  ruiige  of  VuiuCS  for  the  suh~criterion  due  to 
limitations  in  their  ability  to  collc'ct  precise  imelligence  information.  Classical  sensitivity 
analysis  can  be  used  to  study  the  elTects  of  \ar\ing  the  level  of  a  single  sub-criterion 
However,  if  ranges  are  used  lor  several  sub-criterion  r.ccres,  the  process  of  determining 
the  corresponding  range  of  utility  scores  would  be  mathematically  intensive  One  of  the 
goals  of  the  model  was  to  make  it  simple  for  the  analyst  to  use  The  LxccI  program 
should  be  modified  to  allo  w  the  analyst  to  enter  ranges  for  the  iuh-critcricn  scores  The 
program  should  then  calculate  and  display  the  resulting  satellite  utility  as  a  range 
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Appendix  A:  Case  Study  ^1,  XAIC  Sun  ey 


Decision  Maker: 


Mr.  Bill  Banks 

NAIC/TASX 


Interview  Date; 


I  7  September  1994 


Soction  I:  Mapping  The  Single  Variable  Utility  Functions 


Critailon  1:  Enviro(im«nt 

This  crUcrion  defines  tnc  value  associated  witti  the  time  dependent  'state  ot  the  woild  *  To  provide  consieteni  vslue  rstings 
for  ttM  satellites,  s  'snapshot'  is  UKen  end  ranked.  Thia  crSarton  tinea  It  can  be  thought  ot  ae  bme  dependent,  allows  a  time 
series  of  satellite  utility  to  be  shown.  sirx»  muilipis  ‘snapshets'  can  be  taken  over  a  period  ot  time  In  addition,  this  critetion 
sAows  some  *vvhat  ifing'  to  be  done.  This  eriterton  is  evaluated  only  once,  as  the  scores  will  be  the  same  for  any  Mt  of 
ssteMles  ffrom  the  same  country)  evaluated  at  a  parttcular  time 

Su6«rttefion  1<1:  Politicat  Slate 

This  sutKJitSilcn  dsscnbss  the  current  Internaflohal  political  environment. 

0.00  •  ‘feecetui  8teb>iliy"  Intemational  relations  are  stable  and  the  world  is  absent  of  any  significafit 
rmlitary'poiilicsl  cnaee  Obviously,  this  stats  is  encepliorially  lare 
0 J6  •  '  Mnor  Crises/Degrading  Stability'  One  or  more  minor  locsl'regional  cnees  srs  in  progress,  thet  do  not 
immediststy  thrsetan  national  secuhty  Relitlora  with  alias  or  adversaries  may  be  degraded,  but 
negoliebons  are  continuing  For  most  countries,  this  is  the  most  common  state  during  the  20th  century 
0.M  •  •Major  Crisis''  One  or  more  regional  crises  are  in  progress,  that  potentially  threaten  national  security. 
Relatione  with  allies  or  adverstries  irs  subslantiaUy  degraded,  and  negotiations  art  seemingly  at  an 
Impasse.  This  would  describe  the  political  landscape  Ihrougnout  most  of  the  1930's 
0.7#  •  'Limited  War"  Terraiorrs  between  rretlont  ere  Ngh  Regione)  conflict  has  broken  out  thet  threelens 
nelionei  eeeurity  General  war  Ihreetene  The  Korean  and  Vietnam  Wars  are  examples  of  thia 
snvlronmsfit. 

1,00  •  'Genersl  Wsr  Nstionst  force*  are  My  moMiied  and  cemmittsd  to  inlanse  combat.  World  War  II 
sxemplifte*  this  environmant. 


0.00  0.29  090  0.7S  1.00 

If  th#  Mltmt*  it  assigned  •  vsiue  (utility)  of  0  when  the  cnlsnon  «  at  level  0.00  |we  assign  u(0  00)  ■  0),  and  the  sslellile  it 
assigned  a  utiity  of  1  whan  th#  crUsrion  it  at  lavs'  1  00  ( ul  1  00)  *  1 ).  show  on  th*  scale  above  th*  erterton  level  that  you 
theix  would  yield  a  eatsVire  utity  ot05  luC7)«051 

ANS:(  0,4  I 
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Sub-Criterion  1-2:  Adversary’s  Space  Capability 

This  sub-crttenon  examines  the  overall  space  capability  of  the  nation.  The  Pareto  assumption  here  Is  that  the  MiCre 
space-capable  a  nation  is.  the  more  Individual  specs  assets  ara  rstiad  upon 

0.00  -  ’Primitive''  Nation  has  virtually  no  space  assets  whatsoever.  In  addition.  It  has  llttla  or  no  ability 
to  Interfere  with  other  nation's  deployed  essats 

0.25  -  *Minor  Space  Power*  Possesses  has  limited  space  assets,  deployed  primarily  in  support  roles.  Some 
interiarence/jamming  capability  is  likely. 

0.50  -  'Medium  Space  Pov.er'  Assets  are  deployed  in  support  and  force  enhancement  roles. 

Demonstrated  cnpabitity  to  inteffere'iam  enemy  satellite  systems. 

0.76  •  'Major  Specs  Power*  Aeeete  are  deployed  across  t>«at1y  the  full  range  of  mission  areas. 

and  has  integrated  them  somewhat  with  terrestrial  forces.  Likely  offensive  anti-satellite  capability. 

1.00  -  'Spaca  Superpov/er'  PuUy  deployed  and  Integrated  systems  across  the  fun  range  of  missions. 
Demonstrated  offensiveidefensive  anti-satellite  capability 


0.00  0.25  0.50  0.75  1.00 

If  the  satellite  is  assigned  a  vskis  (utility)  of  0  when  the  criterion  Is  al  level  0.00  |we  assign  u(O.OO)  =  0],  and  the  satellite  is 
assigned  a  utility  of  1  when  the  criterion  Is  at  level  1  00 1  u(t  00)  >  1  ].  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  0.5  |  U(  7 )  =  0.5  ]. 

AN3:|  O.SS  I 


Sub-Criterion  1-3:  (ntematfonal  economy 

Thie  eub-criterion  describes  the  stale  of  the  nation  s  economy.  This  sub-criterion  may  at  first  appear  to  be  scaled  in 
reverse.  However.  w«  are  roneidering  a  satellite's  value  in  terms  of  the  economic  conditions,  where  the  value  placed 
on  the  Mset  Increases  as  economic  conditions  worsen. 

0.00  •  ’Boom*  Characterized  by  rapid  economic  growth  and  vigorous  Intemalloral  trade. 

0J5  •  “Growth*  Overall,  economy  is  healthy  and  growing  Trade  barriers  ere  minimal. 

0.60  •  ''Stable*  Moat  common  economic  state  Trade  relations  and  currency  exchanges  are  stable  Trade 
barriers  may  be  present,  but  do  not  seriously  hamper  trade  relations 
0.76  -  "Recession'  Economy  is  shrinking.  Currency  exchanges  may  be  unstable.  Trade  relafiorie  sra 
constrained,  proteelionism  ie  pfeveieot. 

1.00  -  'Depression*  Economy  Is  in  collapse.  International  trade  Is  minimal,  with  trade  barriers  dominating. 


0.00  0.25  0.50  0.75  1.00 

If  the  safe  Jiie  is  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0  CO  [we  assign  u(O.CO)  =  C),  and  the  satellite  is 
assigned  a  utHity  el  1  when  the  enterion  is  si  level  1  00  J  u(i  .00)  =  1 ).  show  on  the  Seale  above  the  criterion  levai  that  you 
think  would  yield  a  satellite  utility  of  0  5  [  u( '’  )  ■  0.5  J 

ANStf  0-6  i 


Criterion  2:  Mission  Impact 

This  criterion  attempts  to  determine  the  value  of  a  satellite's  mls$lon(s)  relative  to  the  missonts)  of  other  saleiMes  As  such 
the  rating  given  may  reflect  an  entire  class  of  sateiiiles  for  example  those  used  for  early  warning. 
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S(ii>^ritM'ion2-1:  “Mission  CrfUcalKy' 

This  sub-criterion  rates  the  relativs  importenea  of  sateilita  missions,  such  as  early  vvarning.  ccmmunicaticrts,  weather,  etc. 

0.00  •  'Thvial/Sciantlfic'  Mission  is  primarily  sciantinc  in  natura,  srvf  has  virtually  no  impact  to  lha  warfightar 
This  doss  not  mean  the  satailite  Is  useless,  but  that  it  has  no  direct  or  current  application  to  military 
oirensne/defensiva  capabilities. 

0.25  -  ‘Minor  Componant*  While  not  contributing  directly  to  warflghting  capability,  tha  sataUita  directly  aids 
fercaa  that  do. 

0.S0  •  "Medium  Componenr  Satellites  plays  a  significant  role  in  force  offensiva/'darensiva 

0.75  -  "Major  Component"  Sateilita  mission  plays  a  signiflcant  In  force  offensiveidefensive  strategy. 

1.00  -  "Criticair  Mission  constitutaa  a  critical  capability,  without  wTilch  it  would  be  difficult  or  nearly 
impossible  to  conduct  wartime  operations. 


I 

T 


0.00  0.2S  0.50  0.75  1.00 


If  the  sateilita  la  assigned  a  value  (utility)  of  0  when  the  critefic.n  Is  at  level  O.OC  [we  assign  u(C.OO)  =  0].  and  the  satellite  is 
assigned  a  utility  of  1  when  the  criterion  is  at  level  1 .00  [  u(l  .00)  ■  1 ).  show  on  tha  scale  above  the  criterion  level  that  you 
think  would  yield  a  satelitte  utility  of  0  5  [  u(  7 )  =  0.5 1. 


AN3:t  0.4  I 


Sub-Criterion  2-2:  “Spacs/Qround  Ratio” 

Here  the  relative  amount  of  the  mission  accompiisned  in  space  versus  on  the  ground  is  examined 

0.00  •  *100%  Oround'  Terrestrial  esseta  perform  the  entire  operational  mission. 

OJS  -  'Pnmsrily  Ground'  Spies  aasats  are  sometimes  used  for  the  operational  mission,  however,  ground 
counterparts  dominate.  Space  systems  seen  ss  somewhat  experimental,  and  serve  primarily  in 
backup  roias 

0.50  -  ‘SOfSOMix'  Space  and  ground  saseli  are  aquaHyreliad  upon  to  perform  an  assigned  mission. 

0.75  -  'Primarily  Space'  Space  assets  domirtate  missxxt  accomplishment.  Ground  assets  are  secondary  or 
used  as  s  backup. 

1M  •  *100%  Space*  The  entire  mission  is  performed  by  space  assets  Greunu  bacuip  •  not  avoi'lsbis  of 
unreliable 


- f - ^ - ! 

0.00  0.2S  0.50  0.75  1.00 

If  the  satellite  is  assigned  a  value  (utility)  of  0  when  the  cnterlon  fs  at  level  0.00  [we  assign  u(0.00)  =  01,  and  the  satellite  is 
assigned  a  utility  of  1  when  the  crlterton  is  at  level  1 .00  ( u(l  .00)  >  1 ),  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utMify  of  0  5  [  u(  7 )  =  0.5  ]. 

ANS:1  O.S  I 


Sub-Criterion  2-5;  Metuciiy  Of  Mission 

How  well  the  satellite's  mission  Is  understood  by  warfighters  and  Inlagrated  into  overall  capabilities '«  oortsldered  in  this 
subentenon 


A-3 


0.00  •  ‘Unknown/Unus«d'  Satellite's  capebililies  ar«  not  underetood  or  uiitead  by  siraiegic  and  iaciicai 
commanders  SatelKte  ramalna  largely  an  RSD  project. 

OJS  -  ‘Little  Known'  Sataiitta  capacity  is  partially  understood  and  used,  but  only  on  a  basic  level  R&D 
community  possesses  the  expertise  to  operate  the  satellite 
O.SO  •  ‘Somewhat  Integrated*  Operational  Turnover  of  the  satellite  has  occurred  from  the  RSO  community  to 

an  operainnal  unit.  Capabilities  are  still  being  explored.  Information  concerning  the  satellite  has  reached 
Held  commanders  and  expehmentairtentativa  use  has  begun 
0.75  •  ‘Widely  Known/Substantially  Integrated*  Operation  of  the  satellite  Is  ivormaiized.  Field  commanders 
understand  capabiifties  and  roiAlneiy  use  them  Some  problems  stilt  exist,  and  alternate  assets  are 
maintained  and  frepuenlly  relied  upon 

lilO  -  ‘Fully  Integrated*  Saleitite  is  fully  understood  and  exploited,  and  capabilities  are  fully 
Integrated  into  theater  operations 


0.00  0.25  0.50  0.7S  1.00 


If  the  satellite  is  assigned  a  value  (utiWy)  of  0  when  the  cfitertcn  is  at  !e>;el  0.00  |vi>e  assign  u(O.OO)  =  0],  and  the  satellite  is 
ass*  ned  a  utility  of  1  when  the  criterion  Is  at  level  1  .CO  t  u<t  CO)  =  1  ],  show  on  the  scale  above  the  critenon  level  that  you 


thin  <  would  yield  a  satellite  utility  cf  05  (  u(  7  )  =  0.5 ). 


Criterion  3;  Cost/Domestic  CocnrrtHmsnt 

The  value  placed  on  a  satellite  ia  demonatrated  by  the  level  of  commitment  a  nation  makes  to  supporting  the  Continuation  c*  Its 

nisslon. 

Sub-Criterion  3-1:  Economic  Commitment 

The  funding  status  of  the  satellite's  production,  operations  and  infrastructurt  is  avaluated  here 

0.00  •  ‘Near  CanceRat'ion*  Commitment  to  the  satellite  (program)  is  minimal  cr  near  termination.  Natural 
reasons  for  this  to  occur  is  that  it  is  near  the  end  ol  the  satellite's  (program)  lifa  cycle,  or  upon  the 
advent  of  a  new  tKhnoiogy  that  renders  the  satellite  obsolete.  Political  considerations  may  also  cause 
terminetion 

CJS  -  ‘Drawdown"  Support  Is  in  decline.  This  may  be  due  to  pofifical'sconcmlc  corrSiu5f5;iu.lS.  a*  i!  fisy 
be  late  in  the  satellite's  (program's)  lifa  eyeJa. 

0.50  -  'Stable'  Funding  «  stable  Typx»l  of  a  satellite  (program)  early  or  near  the  mid-paint  of  its  life-oyde. 

0.75  -  ‘Growth*  Funding  is  growing  steadHy.  This  is  typical  of  a  fairly  young  satellite  (program),  when 
poiilical  support «  growing  and  Infrastructure  Is  still  being  added. 

1.00  -  ‘Explosive  Growth*  Political  eupport  and  funding  for  the  satelWe  •  rapidly  expending.  Poiilical  support 
ie  consolidating 

0.00  0.25  0.50  0.75  1.00 

If  the  aetailita  is  assigned  a  value  (utility)  of  0  when  the  criterton  Is  at  level  0  00  [we  assign  u(O.OO)  ■  0],  and  the  satellite  le 
assigned  a  utility  of  1  when  the  criterion  is  at  level  1  00  ( u(l  00) »  1  ],  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  0  5  [  u(  7 )  =  0.5 1. 

ANSif  0.55  "1 
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Sub-Critenon  3>2:  Econoniic  bniMct 

White  the  pfeviooa  eub-crrtefion  looks  at  the  growth  rate,  !fi!$  sub-cfitericr!  txamLh*!  (he  G'jrr">t  si2s  !Pd  irhpact  dm  to  th? 
commitment  to  the  satellite. 

0.00  -  "Mom  &  Pop'  Program'  Very  small  organization  that  impacts  only  a  small  local  economy  Production 
facilities  might  consist  of  a  single  small  plant. 

0.2S  •  ’Minor  Program*  Dominates  only  a  local  economy  Production  facilities  might  consist  of  a  few  smal 
ptants  or  a  single  large  one. 

0.80  ■  ’Regional  Program’  Program  infrastructure  «  signincant  to  a  regional  economy.  Program  is  large  encugn 
to  recelM  soma  national  iegistetive  scrutiny. 

0.78  •  ’Major  Program’  Program  infrastnjctura  la  significant  to  national  economy  and  receives  significant 
substantial  national  public  and  leglalativa  attention 

1.00  -  ’Intense  Program'  Substantial  sacritices  are  made  at  the  national  level  to  continue  funding  of  the  saleirite'a 
infrastructure.  Single-minded  economic  phonty  is  given  to  the  satellite. 


0.00  0.25  0.50  0.75  1.00 


If  the  salsUAa  Is  assigned  a  value  (utility)  of  0  when  the  criterion  ie  it  level  0.00  [we  assign  u(O.OO)  =  0],  and  the  satellite  is 
assigned  a  utility  of  1  when  the  criterion  is  at  level  1.00 1  u(1 .00)  ~  1  ],  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  O  S  [  u(  7 )  >  O  S  ]. 

Sub-Crttedon  3>3;  Launch  Priority 

Launch  priority  given  to  a  sataliita  la  an  excellent  mdicstor  of  the  value  placed  on  that  asset.  This  sub-chteiion  also  Includes 
the  'sparing'  strategy,  as  the  presence  of  spare  satellites  on  the  ground  or  on-orbit  affects  the  priority  given  to  •  new  launch. 

0.00  •  'No  Near  Term  Launch/No  Spares'  No  capability  exists  to  replace  the  satellite  in  the  near  term.  Replacement 
eatailltes  have  not  been  constructed  snd/or  no  launch  vehicles  are  svaiiabla 
0.20  •  ’Delayed  Scheduls/Limited  Sparing’  Replacement  satellites  have  been  partially  constructed  but  ars  not 
available  for  near  term  launch.  A  launch  schedule  does  not  exist,  is  inoomplete.  or  delayed 
0.80  •  'Stable  launch  Schedute.'Substantlai  Spating*  Launch  of  reptecement  satellites  cen  be  accomplished  on 
a  schedule.  However,  the  schaOute  is  aomawhal  inflexible.  Spares  are  svaUsble.  but  most  are  on  the 
ground,  and  those  in  orbit  are  not  positioned  for  immediate  uee. 

0.76  •  ’Accelerated  Schedute'Near  Complate  Sparing’  Launch  of  replacement  satellites  can  be  accomplished 
on  an  accelerated  schedule.  Several  spares  are  constructed,  with  most  placed  in  orbit  to  be  positioned 
in  the  short  term, 

1.00  •  ’launch  On  Need'Compreheneive  Sparing"  Launch  is  possible  on  relatively  short  notice.  A  comprehensive 
sparing  strategy  is  in  place.  Orvoitit  spares  can  be  made  operational  quIcMy. 


0.00  0.25  0.50  0.75  1.00 


If  the  aatsllite  ie  essigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0  00  [wa  assign  u(Q.OO)  ■  0],  and  the  satellite  is 
aseigned  a  utility  of  1  when  the  criterion  is  el  level  1 .00  ( u(i  .00) »  1  ],  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  0.5  [  u(  7 )  ■  O.S  |. 

AN3:|  0.5  I 
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C(1teiion4:  Sateilitt  SUtut 

This  crtsrion  takss  into  account  the  individual  charactetisllcs  of  the  satellite 
Sub-Criterion  4-1:  Mission  Ptrformanca  Status 

How  Vi  eH  the  satellite  is  performing  its  assigned  mission  is  directly  applicable  to  the  value  triat  is  placed  on  it 

0.00  -  "Non-Operatlonar  Satellite  Is  degraded  to  the  extent  that  it  cannot  be  considered  operational. 

0.2S  -  ‘Severely  Oegraded/T umed  Off  Spare*  Satellite  Is  capable  of  performing  its  mission  only  to  a  marginal 
extent.  Satellite  may  be  configured  ts  a  spare,  with  secondary  power  turned  off  until  needed. 

0.S0  -  ‘Significantly  OagradetT  Satellite  satisfactorily  performs  It  mission,  but  at  a  substantially  degraded  level. 
0.78  -  ‘Slightly  Degraded*  Satellite  performs  its  mission  as  expected,  but  some  minor  degradation  is  present. 
1,00  •  ‘No  Degradation*  Satellite  is  fully  capable  of  performing  its  mission  with  no  failed  or  degraded  units. 


0.00  0.25  0.S0  a75  1.00 

if  ths  satsliita  is  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0.00  [we  assign  u(O.OO)  >  0],  and  the  saleillte  is 
assigned  a  utility  of  1  when  the  cntarion  la  at  level  i  .00  [  u(1  00)  =  1  j,  show  on  the  scale  above  the  cntenon  level  thart  you 
think  would  yield  a  satetlita  utility  of  0.5  [  u(  7  )  ■  0.5 ). 

ANStj  0.55  I 

Sub-Criterion  4-2:  Contribution  To  Mission 

Rarefy  does  a  single  satellite  accomplish  an  entire  mission  Typically,  satellites  are  grouped  Into  a  constetlaticn  to  complete 
an  assigned  mission.  Here  the  satellite  s  contribution  to  completing  the  mission  «  mxweured 

OjOO  -  ‘SpansTlo  Direct  Impact  To  Mission*  Loss  of  the  satellite  will  not  adversely  impsct  the  capability  to 
accomplish  a  mission.  A  typical  case  would  be  s  sattiUile  configured  as  an  on-orbit  spare. 
iJS  -  'Secondary  Inupact  To  Mission*  Loss  of  satsilite  would  Impact  the  consteHation  at  a  secondary  level 
only.  The  mission  completed  by  IWs  satellite  can  be  readily  transferred  to  another  satelktr  a. 

0.60  •  "Impacts  Constellation  Mtasion*  Less  of  the  satellite  would  adversely  impact  missxxi  accomplishment. 

k/hich  of  the  sateiKe's  duties  can  be  transferred,  but  nodcaabie  degradation  w«  occur 
0.75  -  •Strongly  Impscts  M.-ssion*  Loss  of  the  satellife  signfflcanlly  impacts  mission  accomplishment.  Satellite 
mission  duties  are  largely  Irreplaceable  hence  substantial  degradation  resuils. 

1.00  -  'Critical  To  Mission'  Loss  of  satsUte  critically  impairs  mission  accomplishment. 

I - 1 - 

0.00  0.25  0.50  0.75  1.00 

If  rhe  seioitrte  ts  assigrred  a  value  (uftity)  of  0  when  the  criterion  is  af  level  O.OC  [v.e  assign  u(0  00)  ■  OJ,  and  tht  satellile  is 
asstg.ncd  a  utility  of  1  when  Ihe  criterion  is  sf  level  1.00 1  u(1  001  ■  1 ),  show  on  the  scale  above  the  criterion  level  that  you 
fhmk  would  yield  a  satellite  uHity  of  0  5  [  u(  7 )  =  0.5 1. 

ANStj  O.S  1 
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Sub-Crittrjon  4-3:  L«vel  Of  Technology 

In  general,  more  modern  salalliles  that  employ  Improved  technologies  have  greater  capabilities.  In  particular,  satellites  that 
employ  newer  technologies  represent  a  significant  investment  in  research  and  development.  Presumably,  this  nvestment  has 
purpose  and  value 

0.00  •  ‘Primitive*  Space  technology  is  at  the  most  rudimentary  level  A  satellite  such  es  this  would  hearken  back 
to  the  days  of  Sputnik. 

0.35  •  *30  Year  Old  State  of  the  Art*  Today  (1994).  this  represents  technology  developed  and  emplpyeu  by 
advanced  nations  in  the  1 960's. 

0.50  -  *30  Year  OkJ  Stre  of  the  Art*  Technology  originally  developed  and  IWded  the  most  advanced  nations 
bt  the  1970'8. 

0.76  -  ‘10  Year  Old  State  of  the  Art*  Techtwlogy  originally  developed  and  fielded  by  the  most  advanced  nations 
during  the  ISSO's. 

1,00  •  ‘State  of  the  Art"  Represents  the  current  possible  fielded  space  technology. 


0.00  0.25  0.50  0.75  1.00 

If  the  satellite  is  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0.00  [we  assign  u(O.OO)  >  0],  and  the  satellite  is 
tssigned  a  uiinty  of  1  when  the  criterion  Is  at  level  1 .00  ( u(1 .00)  >  1  ],  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  O.S  |  u(  7  )  -  0.5 1. 

AN8:|  0,6  i 


Oub-Criterlon  4<4:  Expected  Remaining  Lifetime 

H  would  teem  obvious  that  the  value  placed  on  a  satellite  depends  on  an  estimation  of  how  long  the  satellits  will  remain 
operational.  This  Is  to  be  distinguished  from  a  satellite's  planned  life  cycle,  which  Is  a  fixed  timespan  estimated  by  satellite 
designers.  The  expected  remaining  lifetime  is  a  changing  estimate,  affected  by  the  spacecraft's  age,  ftjel  reserves,  and 
Mtown  satellite  subsystem  failures 

0.00  •  *0  years'  Complete  failure  is  a.nticipeted  at  any  time. 

020  •  *3  years* 

9M  •  *6  years* 

0.50  •  *9  years' 

0.50  •  *12  years' 

1.00  •  "15  years  or  more* 


0.00  0.20  0.40  0.60  0.80  1.00 

If  the  ssteiiite  is  assigned  s  value  (uMity)  of  0  when  the  criterion  Is  at  Isvel  0.00  jwe  assign  u(O.OO)  =  0),  and  the  satellite  ia 
assigned  a  utility  of  1  when  the  criterion  is  at  level  1 .00  [  u(1 .00) «  1 J.  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  0  S  ( u<  7 )  •  0.5  ]. 

ANS;|  0.S  1 


A-7 


Section  il:  Independence  Verification 


For  SUb-Crit6fi0n  4-1 ,  Mi&sion  VQ’o  iHuil-rttcu  tri5l  ui«  «V«i  wl  luia  auMUUie  1^31  ymlua  a  uuHTy  Cn  C.5 


AssurtM  now  that  the  level  of  sub-criterion  1-1 ,  Political  State.  Is  0.00 
eub-cnterion  4-17 

What  if  the  level  of  sub-cnterion  1  -1  is  changed  to  0.50  7 
What  if  the  level  of  sub-ehterion  1  -1  is  changed  to  1.00  7 

Assume  now  that  the  level  of  sub-cntenon  1  -2,  Overall  Space  Capabeity.  n  0.00  Does  tivs  change  your  assessment  above 
for  sutwriterlcn  4-17 

’Whet  if  the  level  of  sub-criterion  1-2  is  changed  to  O.SO  7 
What  if  the  level  of  sub-criietion  1  -2  is  changed  to  1.00  7 

Assume  now  that  the  level  of  sub-criterioo  1-3.  National  Economy.  sO.OI 
sub-criterion  4-17 

Whet  if  the  level  of  sub-criterion  1  -3  is  changed  to  0.60  7 
Whal  if  the  level  of  sub-criterion  1  -3  Is  changed  to  1.00  7 

Assume  now  that  the  level  of  eub-cnterion  2-1 .  Mission  Criticality,  is  0.00 
sub-criterion  4-17 

What  If  the  level  of  sub-cntetlon  2-1  Is  changed  to  0.50  7 
What  If  the  level  of  sub-enterion  2-1  is  changed  to  1.00  7 

Assume  now  that  the  level  of  suberiterion  2-2,  Space/Ground  Ratio.  Is  0. 
eub-eri‘*'i:an4-17 

What  if  the  level  ol  sub-criterion  2-2  is  changed  to  0.50  7 
Whet  if  the  level  of  sub-cnlerion  2-2  is  changed  fo  1.00  ■> 


.  Does  this  change  your  assessment  above  for 


.00  Does  this  change  your  assessment  above  for 


.  Does  this  change  your  assessment  above  for 


Assume  now  that  the  level  of  sub-criterion  2-3,  Maturity  of  Mission,  is  0.00  Does  this  change  ytxrr  sesesament  above  for 


eub-crilerion  A-l"? 

Whet  if  the  level  of  tut>-criterion  2-3  is  changed  to  0.50  7 
What  if  the  level  of  sub-criterion  2-3  is  changed  to  1.00  7 


Assume  now  that  the  level  of  sub-crifenon  3-1.  Eco.nomic  Cs.m.mil.’ns.'tt,  is  O.Cfl  Doss  th.S  c-hsogs  your  ssssssmsnt  abCYf  fof 
Sub-crif8rion4-17  NO 

What  if  the  level  ol  subcriterion  3-1  is  changed  to  0.50  7  NO 

What  'if  the  level  ol  eubcrHerlon  3-1  is  changed  to  1.00  7  NO 


Assume  now  that  the  level  of  euberiterion  3-2,  Economic 
suberaerion  4-17 

What  If  the  level  of  subcriterion  3-2  is  changed  to  0.50  7 
What  If  the  level  of  subcnteiion  3-2  is  changed  to  1.00  ? 


Assume  now  that  the  level  of  sub-cnterton  3-3,  Launch  Prionly.  is  0.00.  Does  this  change  your  assessment  above  for 
sub-criterion  4-17 

What  if  the  level  of  sub-criterion  3-3  is  changed  to  0.60  7 
What  if  the  level  of  sub-criterion  3-3  is  changed  to  1.00  7 


Assume  now  that  the  level  of  sub-criterion  4-2.  Contribution  to  Mission,  is  0.00  Does  this  change  your  assessment  above 
for  sub-criterion  4-17 

What  if  the  level  of  sub-criterion  4-2  is  changed  to  0.60  ? 

What  if  the  level  of  sub-critarion  4-2  is  changed  to  1.00  7 

Assume  now  that  the  level  of  subcritericn  4-3.  Level  of  Technology,  !s  S.OO.  Does  this  change  your  asseesmenr  shny? 
for  sub-crttarion  4-in 

What  If  the  level  of  sub-criterion  4-3  is  changed  to  O.SO  7 
What  if  the  level  of  sub-criterion  4-3  is  changed  to  1.00  7 


Assume  now  that  the  level  of  sub-criterion  4-4.  Expected  Remaining  Lifetime,  is  0.00  Does  this  change  your  assessment 
above  for  subcrtferion  4-17 

What  If  the  level  of  sub-criterion  44  is  changed  to  0.60  7 
What  if  the  level  of  sub-criterion  4-4  is  changed  to  1.00  7 


NO 

NO 

NO 


NO 

NO 

NO 


NO 

NO 

NO 


NO 

NO 

NO 
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III*  ^rifAr^Art  I  Iflll^f  CiiAAftAAO 

SBCuOn  III.  UrSaUny  ino  nnuiU'wanaiQ  Wiikcuwn  wiiiiijr  I  uiivuwiio 


Critenon  1:  Envhwiment 

Rank  order  ttie  three  sub-criterion  in  order  of  Importance,  from  highest  to  lavest 


I  Sub-Criterion  1-1:  Political  State 

This  aub-criterion  descnbes  the  current  international  political  environment 

I  Sub-Criterion  1*2:  Adversary's  Space  Capability 

This  criterion  exemines  the  relative  space  capability  of  a  potential  or  actual  adversary. 

I  Sub-Critarion  14:  International  Economy 

This  sub-criterion  descnbes  the  state  of  the  worldwide  economy.  This  sub-criterion  may  at 
first  appear  to  be  scaled  in  reverse,  however,  as  we  consider  e  seleiUte's  value  in  terms  of 
the  econc-nic  times,  the  value  placed  on  the  asset  increases  as  economic  conditions 


Assume  for  now  that  the  sub-criterion  you  ranked  as  #1  has  a  weighting  factor  of  1  On  the  scale  below,  indicate 
the  relative  weights  for  the  other  two  tub-criterion,  by  placing  them  on  the  scale 


0.0  0.1  OSi 


Relative  Weights: 


0.5  0.6  0.7  0.8 


Crtlerton2:  Mission  ftnpact 

Rank  order  the  three  sub-criterion  in  order  of  impcrta.TCS,  frcm  Iw  Ic.f'cit. 


I  Sub-Criterion  2-1:  Mission  Criticality 

This  sutxriterion  rates  the  relative  importance  of  sateiilte  missions,  such  as  early  warning, 
communications,  weather,  etc. 

I  Sub-Criterion  2-2:  Spece/Ground  Ratio 

Here  the  relative  amount  of  the  mission  accomptishcd  in  space  versus  on  the  ground  Is 
examined. 

I  Sub-Critarion  24:  Maturity  Of  Mission 

How  well  the  satetllle's  mission  is  understood  by  warfighters  and  Integrated  Into  overall 
capabilities  Is  considered  in  this  sub-criterion 


Assume  for  now  that  the  sub-crtarion  you  ranked  as  #1  has  a  vreighting  factor  of  1 .  On  the  scale  below,  indicate 
the  relative  weights  for  the  other  hvo  sub-criterion,  by  placing  them  on  the  scale. 


0.1  0.2  0.3  0.4  04 


0.7  0.8  0.9  1.0 


A-IO 


RelaUve  Waighls: 


0.35 

0.9 

1 


Crittriofl3:  Cost/Oomstic  Commitmant 

Rank  order  the  three  sub-criterion  in  order  of  importance,  from  highest  to  lowest. 


I  Sub^riterlon  3-1:  Economic  Conwnftmeni 

The  funding  status  of  the  satellite's  production,  operations  and  Infrastructure  is  evaluated 


Sub-Criterion  3-2:  Economic  Impact 

While  the  previous  subcrtenon  looks  at  the  gro*vth  rate,  this  sub-cr'ierion  examines  the 
current  aize  and  impact  of  the  commltmertt  to  the  satellits 
Sub-Criterion  34:  Launch  Priority 

Launch  priority  given  to  a  sateilita  is  an  axcellani  indicator  of  the  value  placed  on  that  asset. 
This  sutxrttarion  also  Includes  the  'spanng'  strategy,  as  the  presence  of  spare  satefliles 
on  the  ground  or  on-orbit  affects  the  priority  given  to  a  new  launch. 


Asauma  for  now  that  the  sub-crfterion  you  ranked  as  #1  has  a  weighting  factor  of  1 .  On  the  scale  below.  Indicate 
the  relative  weights  for  the  other  two  sub-criterion,  by  placing  them  on  the  scale. 


Criterion  4:  SeUHite  Statue 

Rank  order  the  four  sub-enterton  In  order  of  importance,  from  highest  to  lowest. 

Sub4:riterion  4-1:  Mission  Pertomunce  Status 
How  well  the  satellite  is  performing  its  assigned  mission  is  directly  applicable  to  the  value 
that  Is  piaced  on  it. 

SuivCrtterion  4-2:  Contributiorr  To  Mission 
Rarely  does  a  single  satsirite  aecomplieh  an  entirs  mission.  Typically,  satellites  are  grouped 
into  a  consteitation  to  complete  an  assigned  mission.  Here  the  satellite's  contribution  to 


In  general,  mere  modem  satefiRes  that  employ  improved  technologies  have  greater 
capabilities.  In  particular,  salciiites  that  employ  newer  technologies  represent  a  significant 
investment  In  research  and  development.  Presumably,  this  investment  has  purpose  and 
value 
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I  2  I  Sub^rHerion  4-4:  Expectetl  Remaining  Lifetime 

K  iMouid  a«*m  obvious  that  ths  value  placed  on  a  satellite  depends  on  an  estimation  of  hov/ 
long  the  satellite  will  remain  op»ifational  This  is  to  be  distingij:»hed  from  a  satellite's  planned 
Ufa  cycle,  which  Is  a  fixed  timespan  estimated  by  satellite  designers  The  expected 
remaining  lifetime  is  a  changing  estimate,  affected  by  the  spacecraft's  age,  fuel  reserves, 
and  known  satellite  subsystem  failures 

Assume  ibr  now  that  the  sub-criterion  you  ranked  as  #1  has  a  weighting  factor  of  1 .  On  the  scale  below,  indloate 
the  reialive  weghts  for  the  other  two  sub-criterion,  by  placing  them  on  the  scale. 


Relative  Weghts: 
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OACtlOn  iV,  VrlGallny  I  lie  r«iuiu~vaiia»e  wiiieiieii  wiiiiiy  i  uiivueiio,  r  ai  i  ii 


Crtterlonl:  Environment 


W«  define  t  satellite  used  in  the  environment  below  as  having  a  utility  s  1. 


Political  State 

Adversafys  Space  Capabifity 
tntamatlonal  Economy 


General  War 
Space  SuperpovMr 
Depression 


Now  we  define  a  satellite  used  In  the  envi'onment  below  2S  tevinj  !  'JtiliJy  ■  0. 


Political  State 

Adversaiys  Space  Capability 
International  Economy 


Peaceful  Stability 
Primitive 


Imegirte  a  satellite  used  in  the  environment  descn'bed  belovv: 


Political  State 

Adversary’s  Space  Capability 
International  Economy 


Peaceful  Stability 
Space  Superpower 


Assion  a  number  between  0  end  1  that  best  describes  the  utility  value  '/ou  place  a  setellfte  that  is  used  In  this 
environment  Assume  that  these  three  attributes  are  the  only  attributes  to  describe  the  satel'ite 


Criterion  2:  Mission  Impact 

We  define  a  satellite  with  the  mission  attributes  betovr  as  having  utility  ■  1. 


Misaion  Criticality 
SpacerGround  Ratio 
Maturity  Of  Mission 


Critical  To  Force  Survival 
100%  Space 
Fully  Integrated 


Now  we  define  a  satellite  with  the  mtesion  atthbutss  85  faYirts  utJHty  ■  0. 


Mission  Criticality 
Space/Ground  Ratio 
Maturity  Of  Mission 


TfivialfScieiTtiric 
100%  Ground 
Unknown/Unused 


Now  Irnagine  a  satellite  with  the  mission  attributes  described  below; 


Mleeion  Cribcaiily 
SpaceiGround  Ratio 
Maturity  Of  Mission 


Tfivial/Scientiric 
100%  Ground 
Fully  Intsgrated 


Assign  a  number  between  0  and  1  that  best  describes  the  utility  value  you  place  on  a  satellite  wtth  this  misaion 
attributes.  Assume  that  thesa  attributes  are  the  only  attributes  to  describe  the  satellite. 
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S«ction  V,  Creating  The  Overall  Utility  Function 


Htrin  arcer  tb«  W  cnitr  on  m  votr  of  'mponanc*  from  highcsf  la  ic««*sl 

Cfitonon  1:  Crtvitonmonl 

Tf>t  crtoflotr  d«fin««  ttw  valut  Muocaiad  witti  it)«  timt  d«o«nd*n(  *tta1«  of  Tw  world  *  To 
provid*  conaistant  \>a'U«  raltn^a  for  tha  a«aiift*t.  i  ‘a^aoa^o(‘  •  taMn  arri  ranK^j.  This 
crtamo  airv#  a  can  M  IhougN  of  aa  tima  oapandant.  ailowa  a  lima  i«r»«  o'  liKV  jOWy 
10  bo  artown,  aa'ca  ^uitipia  ‘anaptficta  can  ba  ta«an  os«r  a  pariod  of  iitra  In  adt.4on  tnia 
ertamri  allQsva  aoma  iwriat  ifing  to  ba  dor«t  Tbia  cntaran  laavalbai'tuO' r  once  a^  tne 
acoraa  ww  ba  tna  ta~a  for  any  aaf  of  aara*  itaa  tvaii.atad  at  a  parxui.-'  tana 
Cittanorr  1;  Mtaarort anfMKt 

Thia  critarton  anameta  to  dararmna  tna  vatoa  of  a  aalat-aa  a  mraaionta}  'aattva  to  tba 
ma>a«n(f  of  etna'  aataiMaa  Aa  auen  tha  rating  jna"  ra/  ra Tact  an  a*Mira  ciasa  of 
aattoUtaa  tor  aaampta  moaa  j«ad  lor  aarfy  warning 
Crftartort  ):  CoabOonwatic  CorrantmarM 
Tha  ra  ua  of  a  aataita  a  otrTwnatratad  by  tna  avai  sf  commtmant  a  nation  n-akaa  to 
auoportirg  »a  eontiKaBon  of  ka  maaion 
Crttarton  4;  tatalllta  Sutua 

Tr*a  critanon  taaaa  nto  accent  itia  ndfridt-al  cNfKttnatica  of  tha  aataii  ta 

Aaonma  *01  now  that  tha  e'«ar  on  you  nrktd  as  »i  has  a  wagfii^j  *8cty  of  1  0"  *0  aceta  twow,  ndetta  tha 
fttoffva  wagfta  'w  tha  e*ha*  rrta  enta*  o^  tty  p  ara'g  tharr  on  tha  auto 


OC  01  02 

4atj#»a  tVaighfa 


03  0.4  0.5  0  0  0  7  00  OJ 


0  9 


0.95 


0.9 


1.0 
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section  VI,  CrestinQ  Th0  Ovsrsil  Utiliry  Functicn,  Psrt !! 

w«  dtflr*  tn«  wienie  desc'ted  ttic-.v  u  sr:  .rtr:  uiii.'ty  >  1 


Enveownent 
MiKon  impact 
CoeCDomeetic  Cammitmeni 


SaieiWt  Status 

We  de^re  the  setetite  describaa  below  as  one  w<h  utMty  •  0 


Enyiformert 
Wnsion  Impact 
Cosl'Oomesf.e  Commarwent 

SateilM  Status 

•tnagne  a  saMle  wli  the  chatsclcttbcs  ttscrt^ 
Erwi'cmrent 
W«Sion  Impact 
Cos'.tlomesac  Ceirmarrl 


Gewcra  War.  Space  Superpm-JW.  Deprsescri 

Misspc  Crlicaiity.  1C0%  Space.  Fully  inte^ted 

£«ptonve  Growth,  intense  Frogram,  Launch  O  Needr 
Compfenensrve  Spannfl 

No  Degrabat  on.  Crticai  To  Mstion  State  Of  The  Art  15  Veers 
'0 

Peacelj  Stabi  ity.  PtiriOve.  Boom 

Tf  «tai/$cient)f  c  ICOTL  Grcunb.  Jr>lu'Owrvunu»«u 

Nee'  Carewation.  Mom  a  Poo  Progtsm  No  Neat  Term  Launch' 
No  Spares 

Ncn  Operelonai.  Spere>No  Drteci  Imcect  To  MrssKXi.  Pnmerve 
TYeari 

Genefst  war  Space  Superpcwer,  Oeptese-on 

TnratScent'hc.  lOO**  Groono,  Unmemvonuseb 

Near  Cancefeiicn  Mom  ft  Pep  Ptog-i"'  No  Near  Tern  Launch 
No  Spares 

Non  Oceretoni:  SperaFto  Oeect  mcect  To  Useor<  Pimt^e 

0  vaars 

thase  cha’actartatica 


Satetea  Siatw,s 


Asaign  a  nurrew  oon**#''  0  and  t  that  bast  besertas  tha  i/at,  ot  a  satai  re  v 

r“^iTn 
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Section  Vli,  Calculations 


Risk  Attitude  Constants  Calibration  Constants  Sub-Criterion  Weights: 


1-1 

0.822163 

Criteria  1 

-0.95271 

1-1 

0.675 

1-2 

-0.40269 

Criteria  2 

67.62506 

1-2 

0.75 

1-3 

-0.82216 

Criteria  3 

-0.9444 

1-3 

0.5825 

2-1 

0.822163 

Criteria  4 

8.826142 

2-1 

0.0425 

2-2 

0 

Overall 

-0.27771 

2-2 

0.045 

2-3 

0.402692 

2-3 

0.05 

3-1 

-0.40269 

3-1 

0.63 
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Criterion 

Weights: 
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0.83 
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0 
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0.7 
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•0.40269 
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03 

4-1 

0.1 

4-2 

0 
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0.27 
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4-3 
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0.285 
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4-4; 

0 
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0.27 
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Risk  Attitude  Constant  Calibration  Constant  Calculations 

Lookup  Table;  (1000  Iterations) 
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01 
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02 
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03 

1  801071 
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04 
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■EEB 

05 

0 
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-7.8E-16 


•1  IE-16 


-0  95271 


67  62506 


-0  9444 
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Section  VIII,  Satellite  Utility  Data 


A1 

A2 

A3 

B1 

Cl 

A4 

AS 

A6 
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02 
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02 
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02 
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05 
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06 
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1 

1 

1 

06 

04 

06 

06 
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C4 

04 

04 

035 

04 

EB 

05 
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1 

1 

1 

07 

08 

05 

1 
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05 
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07 

08 
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EB 

3-2:  Economie  Impact 

08 

08 

06 

mm 
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06 

04 

J4;  Launch  Priority 

07 

06 

04 

0 

0 

04 

03 

05 

4-1:  Miaaion  Parformanca  Stalua 

1 
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EH 
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1 

1 

1 

1 
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08 

07 

04 

1 

08 

09 
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08 

05 

08 
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05 

05 

01 

01 
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mi 
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0  27051 
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0  79472 

0.79472 
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05 
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1 
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04 

04 
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05 

05 
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1 

1 

1 
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1 
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030(53 

U(3.3) 

07 

06 

04 
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03 

05 

U(4-1) 

1 

088093 

C55119 

0  82317 

1 

1 

1 
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04 

« 

08 
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01 
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02 
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Appendix  B:  Case  Study  U2,  Titan  Launch  Surve; 


Decision  Maker: 


[Capt.  Paul  Krey 
5  SLS/DOO 


Interview  Date: 


t  20  September  1994' 


Section  I:  Mapping  The  Single  Variabie  Utility  Functicns 


CrttwkHi  1:  Environment 

Thie  crrternn  dtiinM  tt>«  value  associaled  wrth  the  tjme  cfeperKlenI  'state  ot  the  world  *  To  provide  consistent  value  ratings 
tor  the  eatetiites.  •  ‘snapshot*  is  tsken  arto  ranked  This  criterton  since  It  cert  be  thought  of  as  time  dependent.  iHows  t  tuna 
eanas  of  satatla  utility  to  be  thowrt.  since  multiple  ‘snaperMs’  can  bs  taken  over  a  period  of  time.  In  addition,  this  criterion 
allows  some  Viihet  ifing'  to  be  done  This  crfterlon  is  evaluated  ortly  once,  as  the  scores  will  be  the  seme  for  any  set  of 
sateiirtes  (from  the  same  country)  evaluated  at  a  particular  lime. 

SubCrtterion  M:  PolMtoal  State 

This  sutxrlenon  describes  the  current  eitemelionel  poltical  environment. 

•40  -  'Peeeetui  StsbiHt/  international  rewions  are  etaole  and  the  world  is  absent  of  any  signlDcant 
military'poiitlcal  crises.  Obviousty.  this  state  It  exceptionally  rare. 

•41  •  'Miner  Cntes/Oegrading  Stability'  One  or  more  minor  tocattegional  crises  are  in  progress,  that  do  not 
mmedietely  threaian  national  security  Rcladons  with  aliee  or  adversaries  may  be  degraded,  but 
ncgotiabona  art  continuing  'or  meet  countries,  this  is  the  most  common  state  during  the  20lh  century. 

MO  •  'Major  Crisia'  One  or  more  regonai  ensee  are  in  progresa  that  potentially  threaten  naHoral  secuhty. 
Reutiont  with  antes  or  adversartes  are  substanhairy  degraded,  and  negotietione  ana  seemingly  at  an 
mpeeae  Thw  woud  daeonbe  the  poilocsi  landacaoe  throughout  mosi  of  the  lOOOrs 

0.71  •  'Limited  War*  Tensione  between  natona  are  hgn.  Regonai  contact  has  broken  out  that  threatena 
tialicnal  tecuhty  General  war  threalens  The  Korean  and  Vietnam  Wars  are  txampias  of  this 
erveonment 

140  •  *General  War”  National  lorcee  are  Mi>  mobilized  and  committed  to  Intense  combat.  World  War  II 
eiempiiriea  this  anvkonmenl. 


I 

O.CO  0.2S  O.SO  0.75  1.00 

If  the  satellite  la  assigned  s  value  (utility)  oi  0  when  the  chlenon  is  at  levei  0  00  |we  assign  u(0  00)  ■  0).  and  the  eateitite  is 
•isgned  a  uSilty  of  1  when  the  erheron  a  at  lave'  1  OOluO  0C)»  1  ].  show  on  the  scale  above  the  crterton  level  that  you 
iNnk  would  >1cld  a  safcikte  utiiitv  of  0  S  |  u(  7 )  •  0  5 1 

AN8:|  0.25  | 
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3ub/;i1terton  1-2:  Adversary's  Space  CapaUtity 

ThM  Mitxriterion  examines  the  overall  space  capability  of  lha  nation  The  Pareto  aiis  jmption  here  is  that  the  more 
space-capable  a  naOon  is.  the  more  individual  space  assets  are  relied  upon 

0.00  -  ‘Primitive'  Nation  has  virtually  no  space  assets  whatsoever.  In  additioh.  it  has  little  or  no  ablNty 
to  interfere  with  other  nation's  deployed  assets 

0.2S  -  ‘Minor  Space  Power'  Posaeesee  has  limited  space  assets,  deployed  primarily  in  support  roles  Some 
Interferencerjamming  capability  is  likely 

O.SO  •  ‘Medium  Space  Power*  Assets  are  deployed  m  support  and  force  enhancement  roles 
Demonstratad  capability  to  inl«rfara<jam  anamy  satsllita  systems. 

0.7S  -  ‘Major  Space  Power'  Assets  are  deployed  across  nearly  the  full  range  of  mission  areas. 

arid  has  integrated  them  somewhat  with  terrestrial  forces.  UKely  offensive  antt-sateillte  capability. 

1.00  -  ‘Space  Superposver'  Fully  deployed  and  integrated  systems  across  the  ful  range  of  missions 
Oemonsiratad  offsnsivaidsfsnsive  anti-satellite  capability. 

0.00  0.2S  0.50  a7S  1.00 

If  the  aatellile  is  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0.00  [we  assign  lj<0.00)  =  0],  and  the  satellite  is 
assigned  a  utility  of  t  when  the  criterion  is  at  level  1  00  ( u(1  00)  x  i  ]  show  on  the  scale  above  the  crlerion  level  that  you 
think  would  yield  a  satellite  utuify  cf  0  5  m  ■?  ) «  0  5  ]. 

ANS:i  0.75  1 


Oub-Crfterlon  1-3;  International  tkonomy 

Th«  sub-criterion  describes  the  state  of  the  nation's  economy  This  sub-criterion  may  at  first  apoear  to  be  scaled  m 
re/erse.  However,  we  are  considering  a  satellite  s  value  in  terms  of  the  economic  conditiens.  where  the  value  pieced 
on  the  asaet  increases  as  economic  condiUorts  worsen. 

4.00  •  'Boom'  Charseterized  by  rapxl  economic  growth  and  vigorous  intamatlorial  trade. 

0.25  •  ’Growth  '  Overall,  economy  is  healthy  and  growing  Trade  barriers  are  mmimd. 

0.00  •  'Stable'  Moat  common  economic  state.  Trade  relations  and  currency  exchanges  are  stable.  Trade 
barriers  may  be  present,  but  do  not  senoueJy  hamper  trade  rdetiont 
0.70  -  ‘Reeeee'on'  Economy  m  ehrinkiog.  Currency  exchanges  may  be  unstable.  Trade  relabcns  Sfe 
ecostralned.  protectionism  is  prevalent 

1.00  • ‘Oepression'  Economy  is  in  collapse  Iniematloriat  trade  Is  minimal,  with  trade  barriers  dominating 


0.00  02S  0.50  a73  1.00 

If  tfie  aeteiUa  is  essigned  a  vakre  (utility)  of  0  wherr  the  errteron  s  St  level  0  00  (we  assign  u(0  CO)  ■  0).  and  the  sateiRe  m 
aeaigned  a  utility  oM  wmen  the  erteron  m  at  leve'  1  00 1  u(i  00)  «  1  J,  show  on  the  scale  above  the  erttrioo  lerei  that  you 
think  would  yield  a  sateUe  uH  ly  cf  0  5  [  u(  7  )  •  0  5  J 

ANS:|  O.S  i 


CrHtrlon  2:  Mission  Impact 

This  cfier ion  atiempts  to  determine  tne  value  of  a  satetite's  mls$ioo(s)  relative  to  the  mssionrs)  of  other  sateiltts  As  such, 
the  rattng  given  may  reflect  an  entire  class  of  sateitces.  fer  exa’~p!a  these  used  for  early  warnirg 
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Sub-CriUrion2>1;  "Mission  Criticality” 

This  sub-cntenon  ratas  ih«  relativa  importance  of  satellite  missions,  sucft  as  early  warning,  communications,  weatner,  etc. 

0.00  -  "TrivieVScientiric*  Miaaion  ie  primarily  scianliftc  in  nature,  and  has  virtually  no  impact  to  the  warfighter. 
This  does  not  mean  the  satellite  is  useless,  but  that  S  has  no  direct  or  current  application  to  milita.-y 
Oftensive/dettnsiKe  capabilities. 

0.2S  •  "Minor  ComponenT  While  not  contributing  directly  to  warfighting  capability,  the  satellite  directly  aids 
forces  that  do. 

O.SO  -  "Medium  Component*  SeteiUtes  plays  a  aignificant  role  in  force  offensiverdefensive 
0.79  •  ‘Major  Component*  Satellite  mission  plays  a  significant  force  offensive/Oefenslve  Strategy 
1.00  •  'Crtticair  Mission  constitutes  a  cniicel  capability,  without  which  it  would  be  difficult  cr  nearly 
impossibla  to  conduct  wartime  cperations. 


- J - j - 1  I 

0.00  0.2S  0.90  0.7S  1.00 


If  lha  eafeiiita  is  assigned  a  value  (udilty)  of  0  when  the  chtehon  Is  at  level  0  QO  [we  assign  u(0  CC)  >  0],  and  the  satellite  is 
assigned  e  ulilly  of  1  wrien  the  criterion  ■  el  level  1  CO  [  u(1 .00)  ■  1 1.  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satelrte  utility  of  0  5  |  u(  ? )  >  O.S  |. 


ANS:f 


0.9 


Sub-Criterion  2'2:  "Spaca/GrouiKi  Ratio" 

Hers  the  relativt  amount  of  the  mission  accomplished  in  space  versus  on  the  ground  Is  txsmined. 

0.00  -  *100%  Oround"  Teneslrial  assets  pertorm  the  enth-e  openiSonai  mission 

OJO  •  ‘Primarily  Ground'  Space  eseela  are  somelimec  ueed  for  the  operational  mission  however,  ground 
counterparts  dominete.  Space  eysteme  seen  at  aomewhat  experimental,  and  aarva  pi...«n)y  In 
backup  roiee 

O.SO  •  *50/50  Mix'  Space  and  ground  essete  era  aquaSy  railed  upon  to  perform  an  assigned  mission. 

0.79  •  ‘Primarily  Space*  Space  estate  dominate  miSBion  eccompushmanl  Ground  assets  era  secondary  or 
used  as  a  backup 

1J)0  •  ‘100%  Space*  The  tntve  mission  is  performed  by  space  aseete  Ground  backup  a  not  a-.Oiiable  or 
unraiiebia 


0.00  0.2S  040  0.75  1X)0 

If  the  eatallile  it  asegreO  a  value  (utility)  of  0  when  the  criterion  «  at  level  0  00  [we  aae'gn  ur.O  Ki  ■  Oj,  end  the  safcSIte  is 
assigned  a  utility  of  i  when  the  criterion  la  at  level  t  00  [  ud  00) «  1 1,  show  on  the  scaie  above  the  criterion  level  that  you 
thtnk  weula  yield  a  satekie  ufirv  of05  tu<‘’)«05) 

ANSif  0-S  I 


Sub-CriUrk>n  24;  Maturity  Of  Mlaaion 

How  we*  the  satellite  s  mission  «  understood  by  wsrflghters  end  integrated  into  overaii  capabilities  is  considered  in  Ihit 
aulxhtanon 
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0.00  -  'UnKnown/Unused'  Satetlito  s  capabilities  a/e  rot  understood  or  utilized  by  sirategic  and  tsciical 
commanders  Sattllits  rsmsins  largsiy  an  R&O  project. 

0.28  -  'Uttia  Known'  SatellKe  capacity  is  partially  understood  and  used,  but  only  on  a  basic  level.  R&O 
community  possesses  the  expertise  to  operate  the  satellite. 

0.80  -  ’Somewnat  Integrated"  Operationa*  Turnover  of  the  satellite  has  occurred  from  the  RSD  community  to 

an  operationai  unit.  Capabilities  are  still  being  exptortd.  Information  concerning  the  satellite  has  reached 
Held  commanders  and  expehmental<1entative  use  has  begun. 

0.78  •  ’Widely  Known/Substantlally  integrateiT  Operation  of  the  satellite  Is  normalized.  Field  commanders 
understand  capabilities  and  routinely  use  them  Some  problems  Still  exist,  and  alternate  assets  ate 
maintained  and  frequently  relied  upon. 

1.00  •  ’Fully  Integrated*  Satellite  is  fully  understood  and  exploited,  and  capabilities  are  fully 
integrated  irio  theater  operations. 


0.00  0J2S  0.50  0.75  1.00 

If  the  setditte  Is  assgned  a  value  (uliirty)  cf  0  when  the  crSerion  is  at  level  0.00  |we  ass-gn  utO.OO)  ■  C],  and  the  saleiiite  is 
assigned  a  utility  of  1  when  the  ertienon  «  at  level  1  00  [  u(i  00)  =  1  ].  show  on  the  scale  above  the  crftericn  level  that  you 
think  would  yield  a  satellite  utlWy  of  0  5  ( u(  7 )  =  0.5  J. 

ANS:|  0,6  I 


Criterion  S;  Cost/Oomestic  Commitment 

The  vikje  placed  on  a  satellite  Is  demonstrated  by  the  level  of  ccmmitmsnt  a  naPcn  mskas  to  suppc.t;r,g  Sia  cxtinustlori  cf  Its 

mission. 

SubXtriierian  3*1:  Economic  Commitment 

The  funding  status  of  the  satellite  s  production,  operations  and  infrastructure  is  evaluated  here 

0.00  •  ’Near  Cancellation’  Commitment  to  the  salsMetprogram)  is  minimal  or  near  termination.  Natural 
reasons  for  this  to  occur  is  that  it  <s  near  me  end  of  the  sateiHe's  (program)  kit  cycle,  or  upon  ihe 
advent  of  a  new  technology  that  renders  the  satslliie  opsoiete  Politicai  considerations  may  also  cause 
termination 

0J9  -  ’Orawdov/n'  Support  •  n  deciirte  Th.s  rnay  be  due  to  poKcai'ccor.oms  CC.’SiCs.’Pfic.’tS,  cr  ,1  ms,’ 
be  Me  in  the  salslltc's  (progiams)  kfe  cycle 

OJO  •  'Steble'  Fundrg  is  stable.  Typ-’calof  a  satelWe  (program)  earty  or  near  the  rrsd-poeit  of  its  lifS'Cycie 
0.71  -  *Growm'  Fundsig  is  grov/mg  steadily  This  « typical  of  a  fairly  young  satellite  (program),  when 
poMical  support  Is  growing  and  infrastiucture  is  stiii  being  soded 
1.00  •  ’Expiosrve  v'r'  .iwth  PoMicai  support  and  funding  for  the  satellite  is  rapidly  expandng  Political  support 
is  corsolicit  ig. 


0.00  0.25  0.50  0.75  1.00 

If  the  tatelile  it  assigned  a  value  (utf/^  ot  0  when  the  cr  tenon  «  et  level  C  X  [we  assign  u(0  M) »  0],  end  the  satellite  is 
assigned  a  utility  of  1  when  the  cnlenon  it  at  ievei  t  X  [  u(1  X)  *  1 ).  sherw  on  the  scale  above  the  craerion  level  that  you 
think  would  yield  a  sateiMe  utkty  ol05  lut7)»05) 

AN3:j  0.4  \ 
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Sub^rtttrlon 3-2:  Economicimpact 

While  the  previoue  eutxritenon  looks  at  (he  growth  rate,  this  sub-criterioh  examines  the  c'jrrent  size  ard  Impact  due  to  the 
commitment  to  the  satellite 

0.00  •  *'Mom  &  Pop' Program*  Very  smalt  orgamzacon  that  impacts  only  a  small  local  economy  Production 
lacilities  might  consist  of  e  single  small  plant. 

0  JS  ■  *VUnor  Program'  Dominates  only  a  local  economy  Production  facilities  might  consist  of  a  few  small 
plants  or  a  single  large  one. 

0.00  •  "Regional  Program*  Program  mfrasiructura  is  significant  to  a  regional  economy.  Program  is  large  ertCoyh 
to  receive  some  nelloral  legislative  scrutiny 

0.7S  •  *Ma/ar  Program*  Program  Infrastructure  Is  significant  to  national  economy  and  receives  significant 
substantial  national  public  and  legistativa  attention. 

1.00  ■  'Intense  Program"  Substantial  sacnfices  are  made  at  the  nationel  level  to  continue  funding  of  the  satellite's 
infrwtructure  Singl».minded  economic  priortty  is  given  to  the  satellite. 

I  ; - ^ - j - 

0.00  0.25  0.50  0.7S  1.00 

If  the  satellite  Is  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0  OO  [we  assign  u{0  OO)  ■  0).  and  the  sateUUe  Is 
aasigrved  a  ulitily  of  1  when  the  crtterion  Is  at  level  1.00(u(1.00)=  1 ),  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  sateUita  utility  of  O  S  |  u(  ? )  *  0  5 ). 

ANS:i  0.7S  | 


Oub-Crtterlon  3-3:  Launch  Priority 

Launch  priority  givsn  to  a  sataiilte  Is  an  e*eeilenl  indlealof  of  the  '/aiue  placed  on  that  asset  This  sutKirilenon  also  ndudes 
the  'spanng'  strategy,  as  the  presence  of  spare  estcittes  on  the  ground  or  orvorbit  alfects  the  priority  given  to  a  new  launch. 

1.00  •  *No  Near  Tarm  Launcti'No  Spares*  No  cacabiiily  exets  to  replace  the  satellite  in  the  near  term.  Replacement 
sateililes  have  not  been  constructed  and>'or  no  launch  vehicles  ere  svsUabie 
0.20  •  ‘Delayed  Schedule'Lnuted  Sparing*  Repiscemeni  satellites  have  been  panialty  constructed,  but  are  ret 
a.ailabie  for  t>ear  term  MurKh  A  launch  schedule  does  not  exist,  is  incompiete,  or  delayed 
4.SO  •  'Stable  Launch  Scheduia'Substanttal  Sparing*  Launch  of  replacement  sateSKes  can  be  eocompfished  on 
escheAiie  Hovutvsr  trv  scheduia  is  somswwi  mfi—ibie  Sparss  are  available,  but  most  arc  on  the 
ground,  and  those  in  orbit  are  not  positioned  lor  mmed  ate  use 
0.71  •  ‘AccMeratsd  Schadul*Near  Compicta  Sparing*  Launch  of  replacement  sateVlcs  can  be  aecompitshed 
on  en  acoeicraled  schedule.  Several  scares  are  constructed  with  most  piscad  in  orbit  to  be  poaitionad 
in  the  short  isrm 

1.00  -  ‘Launch  On  Need/Comprehensive  Sparing"  Launch  m  posarbie  on  lelalivsfy  short  nofice  A  comprehensive 
spsnng  stratsgy  a  in  pisca.  On-crblt  spares  can  be  made  operational  quicidy 


0.00  0.25  0.50  0.75  1.00 

If  tha  aetelWa  is  assigned  a  vsiua  (utility)  of  0  when  the  ertanon  is  at  level  0  00  [we  assign  u(0  00)  ■  0|.  snd  the  satellite  is 
assignsd  a  Jility  of  1  when  the  entenon  a  at  level  1  00  [  u(l  00)  a  •  show  on  the  scale  above  the  enterton  level  that  you 
mink  wouKJ  yield  a  satHke  utility  of  0.3  ( u(  ? )  •  3  5  J. 

AN8;|  O.S  I 
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Crtttfion  4:  SatsHita  Status 

This  critarion  taKes  Into  account  the  individual  characteiistics  of  the  satellite. 

Sub-Critarion  4.1:  Mission  Performance  Status 

How  well  the  satellite  is  performing  its  assgned  mission  is  direclly  applicable  to  the  value  that  is  placed  on  it. 

0.00  -  ‘Non-Operationar  Satellite  is  degraded  to  the  extent  that  it  cannot  be  considered  operational. 

0.25  •  ‘Severely  DegradedTumed  Off  Spere“  Satellite  is  capable  of  performing  its  missian  only  to  a  marginal 
extent.  Satellite  may  be  configured  at  a  apara  with  eacondary  power  turned  off  urtil  needed. 

0.50  ■  ‘Significantly  Degraded*  Satellite  satisfactorily  performs  it  miaaion,  but  at  a  substantiaty  degraded  level. 
0.76  -  'Sightly  Degraded*  Satellite  performs  4s  mission  as  expected,  but  some  minor  degradation  is  present. 
1.00  ■  ‘No  Degradation*  Satellite  is  fuOy  capable  of  performing  its  mission  with  no  failed  or  degraded  units. 


0.0Q  0.29  0.90  0.75  1.00 

If  the  eetelite  ia  assigned  a  value  (utility)  of  0  when  the  criterion  is  at  level  0  00  [we  assign  u(0  00) «  0}.  and  the  saleiltte  is 
assigned  a  utility  ot  1  when  the  cntericn  is  at  level  1  CO  [  j(l  .00)  -  1  ].  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  0  5  ( u(  ? ) »  0.5  ]. 

ANS:  i  0.7S  1 

Siiti.Cr!lerion  4.2;  Contribution  To  Mission 

Rarely  does  a  single  saleliite  accomplish  an  entire  mission.  Typicaly.  satelliies  are  grouped  irM  a  consteltaticn  to  ssmpiste 
an  assgned  mission.  Here  the  sataltite'e  eantnbuoen  to  compMing  the  mission  is  measured. 

5.00  .  ‘SparsiNo  Direct  Impact  To  VSsslon*  Loss  of  the  satellite  will  not  adversely  impact  the  capability  to 
accomplsh  a  mission.  A  typical  case  would  be  a  aattlina  configured  at  an  orworbl  spare. 

5.25  .  Secondary  Impact  To  Mission'  Loss  of  satelite  would  impact  the  constellation  at  a  secondary  level 
only  The  mission  compleled  by  this  seleltile  can  be  resdiy  iransfenad  to  another  sateiltes 
4.60  .  ‘Impecta  Consteltation  Mission*  Loss  of  the  tateitite  would  adversely  (npactmisswn  accomplishment. 

Much  of  the  satellite's  oufee  can  be  transferred  but  nodceeoie  degradation  wilt  occur 
5.75  .  ‘Strongly  Impact*  Mission*  Lost  of  Ihe  aeieSile  sgruficendy  impacts  mieeioo  eeoompiiihment.  SeteMe 
miesnn  duties  are  largely  irrcolaceabie.  hence  su.  stantial  degradation  resuKs. 

1  <10  .  ‘Criticai  To  Mitson  Loss  of  satelWIe  cnticaiiy  mpaira  mission  tccorrpiishment. 


0.00  0.29  0.90  0.79  1.00 


iflheteMiteii  assigned  a  value  I  uMly;  o' 0  when  the  crferor  M  'evei  0  00|we  sse’gr  utC  00)  *0]  end  Ihe  sateilde  is 
assigned  a  utAty  of  t  whan  me  criterion  «  at  level  1.00  [u(1  X;>  *  t  )  show  on  the  scale  above  the  criterion  level  that  you 
think  would  yield  a  eateate  utility  otC5  [u('’)«05; 

ANS:C  0-6  I 
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Sub-Crittrlon  4^:  Level  Of  Technology 

In  general,  more  modern  sateititea  that  employ  improved  technologies  have  greater  capatxiitles.  In  particular,  satellites  that 
employ  newer  technologies  represent  a  signiflcaht  investment  in  research  and  development.  Presumably,  INs  investment  has 
purpose  and  value. 

0.00  •  ‘Primiltve"  Space  technology  s  at  the  most  njdimentary  level.  A  ealellite  such  as  this  would  hearken  back 
to  the  days  of  Sputnik. 

0.26  -  "30  Year  Old  State  of  the  Art"  Today  (1994),  this  represents  technology  developed  and  employed  by 
advanced  nations  in  the  ISSO's. 

o.M  -  "20  Year  Old  State  of  the  Art*  Technology  originally  deveHsperi  and  fielded  the  nwet  adyano^  nations 
in  the  I970's 

0.7S  -  *1 0  Year  Old  Stata  of  the  Art"  Technology  originally  developed  and  fielded  by  the  most  advanced  nations 
during  the  1980's. 

1.00  •  "State  of  the  Art'  Represents  the  cunent  possible  fielded  space  technology 


I - ^ 

0.00  0.29  0.90  0.75  1.00 

If  the  satellite  ie  asaigrMd  a  value  (utility)  of  0  when  the  criterion  Is  at  level  0.00  [we  assgn  u(O.OO)  *  0],  and  the  satellite  is 
assigned  a  utility  of  1  when  the  criterion  is  « level  1  00  ( u(1  00)  ■  1  ],  show  on  tfie  scale  above  the  criterion  level  that  you 
think  would  yield  a  satellite  utility  of  O.S  [  u(  ?  )  ■  O  S  |. 

AN8:i  0.8  I 


SuO^rXerton  44:  Expected  Remaining  Lifetime 

It  would  seem  obvious  that  the  value  placed  on  a  satellite  depends  on  an  estimation  of  how  long  the  satellite  will  remain 
operational.  Ths  is  to  be  distinguished  from  e  satehte's  planned  life  cycle,  which  is  a  fixsd  timespen  estimated  by  satellite 
designers  The  expected  remaining  lifstima  is  a  c.hanging  estimate,  affected  by  the  spacecraft's  age.  fuel  reserves,  and 
ktwwn  saieliitc  subsystem  failures. 

0.00  •  "0  years'  Complete  failure  Is  inticlpaled  at  any  time 
0.20  •  "3  years' 

0.40  •  '^years' 

0.M  -  "9  years' 

O.M  -  "12  years' 

1.00  •  "15  years  or  more 


0.00  0.20  0.4C  0.60  0.80  1.00 

If  the  eaisiiiie  is  assigned  a  value  (utiWyi  0  when  the  Criterion  is  at  level  0.00  [we  sesign  u'O  00)  •  0),  and  the  satellite  « 
assignee  s  lAii.'y  of  1  when  the  entenon  .s  u  levei  1  00 1  u(i  00)  *  1 ).  shov/  on  the  scale  above  the  crttarion  level  that  you 
think  would  yield  a  satet'  le  utiUty  of  0  5  [  u|  7  .i  ■  0  5 ) 

AN8:|  0.5S"n 
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Section  11:  Independence  Verification 


Fof  sub-crilefloo  4-1 ,  Mssiofl  Accomplishment,  ycu  indicated  that  the  ievei  of  inis  iii/ibuie  ihai  yieidS  a  utimy  of  C.5  is 


Assume  now  that  the  level  of  sub-cfiterton  1  -1 .  Political  State,  is  0.00.  Does  this  change  your  assessment  above  for 


subcriterion  4-1? 

What  if  the  level  of  sub-criterion  1-1  Is  changed  to  0.50  7 
What  if  the  level  of  sub  criterion  1-1  la  changed  to  1.00  7 


Assume  now  that  the  fevel  of  subK^iterion  1  -2. 0'/erall  Space  Capability,  Is  0.00.  Does  this  change  your  assessment  above 
for  sub-crtterlen  4-17  NO 

What  If  the  level  of  lub-ertterion  1-2  Is  changed  to  0.50  7  NO 

What  if  the  levei  of  sub-criterion  1-2  is  changed  to  1.00  7  NO 


Assume  now  that  the  level  of  sub-critenon  1-3  National  Economy,  e  0.00  Does  this  change  your  assessment  above  for 


sub-entenon  4-1? 

What  if  the  level  of  sub-entanon  1-3  a  changed  to  0.50  7 
What  if  the  level  of  subenterion  1-3  •  changed  to  1  JXl  ? 


Ascume  now  that  the  level  of  sub-critenon  2- 1 .  Mission  CrlicaWy.  is  0.00  Does  Itiis  change  your  assessment  above  for 


•ubenterion  4-1? 

What  if  the  level  of  sub-cntarion  2-'  «  changed  to  0.50  7 
Whet  If  the  level  of  iub-cr<erion  2-1  a  changed  to  1.00  7 


Assume  now  that  the  “evei  or  subcr/te'ion  2-2,  SphCbGfnufKl  Rst'b  •?  0.00  Doe*  ih«  change  your  ei<iessment  above  for 


subcnterlon  4-1? 

Whet  if  the  aval  of  sub-entenon  2-2  a  changed  •  j  0.50  7 
What  if  the  arel  of  sub-crlenon  2-2  a  changed  to  1.00  7 


Assurra  now  that  the  level  of  sub-critcnon  2-3  Matumy  of  U'SS'Or,  a  0.00  Does  this  change  your  ssseesment  above  for 


sub-Cfiterton  s-i? 

What  if  the  level  of  subcntenon  2-3  is  chs.nged  te  0.60  7 
What  if  the  a’rd  of  sub-crlarion  2-'  a  changed  to  1.00  7 


Resume  now  that  the  level  of  st  bcrsercn  3-  J.  Ecororrec  Ccmm,l.Tsr; 
Sub-ertteron  4-i7 

What  If  the  level  of  sub-enfenon  3-1  a  changed  to  0.60  7 
What  it  the  le'/ei  of  sub-crlarion  3-1  it  changed  to  1.00  7 


Assume  now  that  the  lenei  of  eubcrse'on  3-2  Ecor.ornic  Inpacf,  is  0.00 
sub-critenon  4-17 

Whal  If  the  level  of  sub-entenon  3-2  a  changed  to  0.60  "> 

What  if  the  level  of  sub-entenor  3-2  a  charged  to  1.00  7 


Does  this  chenje  your  ass  wsment  above  for 
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Assume  now  Oiat  tne  level  of  sub-criterion  3-3,  Launch  Prioiity.  is  G.GC.  Cues  this  chan^  ')'Our  assessmeni  above  for 
sub-criturton  4-1? 

What  if  the  level  of  sub-criterion  3-3  is  changed  to  0.60  ? 

What  if  the  level  of  sub-criterion  3-3  Is  changed  to  1.00  7 


Assume  now  that  the  level  of  sub<riterion  4-2.  Contribution  to  Mission,  is  0.00.  Does  this  change  your  assessment  above 
for  sub-criterion  4-17 

What  If  the  level  of  sub-criterion  4-2  a  changed  to  0.60  '> 

What  if  the  level  of  sub-criterion  4-2  is  changed  to  1.00  ? 


Assume  now  that  the  level  of  sub-criterion  4-3.  Level  of  Technology,  is  0.00  Does  this  change  your  assessment  above 
for  sub-criterion  4-1? 

Wriet  If  the  levr  I  of  sub-criterion  4-3  is  changed  to  0.60  ? 

What  If  the  levtl  of  suu-criterion  4-3  is  changed  to  1.00  7 


Assume  now  that  the  level  of  sub-criterion  4-4  Expected  Remaining  Lifetime,  (s  0.00.  Does  lha  change  your  assessment 
above  for  sub-cnterttn  4-1 7 

Whal  if  the  level  of  sub-cntenon  4-4  a  changed  to  0.50  ? 

What  If  the  level  of  subcrttenan  4-4  a  changed  to  1.00  ? 


NO 

NO 

NO 


NO 

NO 

NO 


NO 


NO 


NO 


NO 


NO 


NO 


Section  III:  Creating  The 


Critarton  1:  CnvkoniTMnt 

Rank  order  the  three  sub-cnterion  in  order  of  imoorrarKS  from  highest  to  lowest. 


This  sub-crtterton  describes  the  slate  of  the  worich'/ide  economy.  This  siitxrilerion  may  at 
first  appear  to  be  scaled  in  reverse,  however,  as  we  consider  a  satellite's  value  in  terms  of 
the  economic  times  the  value  placed  on  the  asset  increases  as  economic  conditions 
worsen 


Assume  for  now  that  the  sub-crlenon  you  ranked  as  *1  has  a  weighting  factor  of  1 .  On  the  scale  below,  indicate 
the  relative  weights  for  the  other  two  sub-critehon.  by  olacing  them  on  the  scale 


I  I 

ao  0.1  0^ 

Rdativc  Weights 


0.3 


0.4 


0.5 


I 

0.6 


0.7 


O.B 


0.9 


10 


0.6 

'TT 


Crttarion  2:  Missfon  Impact 

Rank  order  the  three  sutxritenort  in  order  cf  i.'npofia.nc*.  frc.'h  hij.'tsst  !D  khVSSt. 

Sol>Crllerlof»  2-1:  Mission  Criticality 

This  sub-criterion  rates  the  relative  importance  of  satellite  missions,  such  as  early  warning, 

_ communications,  weather,  etc. 

I  3  t  Sub-Crltaflon2-2:  Spact/Oround  Ratio 

Hare  the  relative  amount  of  the  mission  accomplished  in  space  versus  on  the  ground  is 

_ examined. 

Sob-Crlterlon  2-3:  Maturity  Of  Mission 

How  well  the  satellite  s  miseion  is  understood  by  warfighters  and  integralad  into  ove.'s" 
capabilities  is  considered  in  this  sutxritefion 

Assume  for  now  tnst  the  sub-criterion  you  ranked  as  #1  has  a  weighting  factor  of  1 .  On  the  scale  betovr,  indicate 
the  relativa  weights  for  the  other  two  sub<ritenon.  by  placing  them  on  the  scale. 

I  :  I 


00  0.1  0.2  0,3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 
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Rtfaliv*  Weights: 


1 

0.3 

O.S 


Criterion  3;  CosriDomestlc  Commitment 

Rank  order  the  three  eub-cnlerion  in  order  of  importance,  from  highest  to  lowest. 

I  2  n  S*Jt)-Criterioo3-1;  EconorrtcComrrtmwm 

The  funding  statue  of  the  satellite's  proo  jction.  operstiohS  and  infrajl.njcture  is  evaluat'd 

_ here. 

I  3  I  Sub-Critarlon  3-2:  Economic  Impact 

While  the  previous  sutxriterioo  looks  at  the  growth  rate,  this  sub-criterion  examinee  the 
currant  size  and  impact  of  the  commitmeni  to  the  satellite. 

Sub-Criterion  3-3;  Launch  Priority 

Launch  priority  given  to  a  aateliite  is  an  exceilent  Indicator  of  the  value  placed  on  that  asset. 
This  subcriterion  also  Indudes  the  “sparing’  strategy,  as  the  presence  of  spare  satellites 
on  the  ground  or  orvorbit  affects  the  priority  given  to  a  new  launch. 


Aseume  for  now  that  the  sub-crtterion  you  ranked  as  #1  has  a  weighting  factor  of  1 .  On  the  scale  below  indicatB 
the  relative  v/eights  for  the  other  two  sub-critermn  by  placing  them  on  the  scale 


1 

+ 


I 


0.0  0.1  0.2 

Relative  Weights: 


0.3 


0.4 


0.5 


0.8 


0.35 


0.6 


0.7  0.8  0.9  1.0 


Criterion  4:  SatellKe  Statue 

Rank  order  the  tour  sub-criterion  in  order  of  importance,  from  highest  to  lowest. 

I  1  i  Sub-Criterion  4-1:  Mission  Performance  Siafus 

How  well  the  satellite  is  performing  Its  assigned  mission  Is  directly  sppKcaltie  to  the  value 
that  m  pieced  on  it 

^  2  Sub-CrHerioo  4-2:  Contribution  To  Mission 

Rarely  does  a  single  setelile  accomplish  sn  entira  mission  Typically,  salellites  are  grouped 
into  a  constellation  to  complete  an  assigned  mission.  Here  the  satellite’s  contribution  to 
completing  the  constellatiorie  mission  is  measured. 

Sub-Criterion  4-3;  Level  Of  Technology 
In  general,  more  modern  satellites  that  employ  improved  technologies  have  greater 
capabilities  In  particular,  satellites  that  employ  nev.er  technologies  repraseitl  a  significant 
investment  in  research  end  development.  Presumably,  this  investment  has  purpose  and 
value. 
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I  3  "*1  Sub-CrK#rton  4-4;  Eipected  Remaining  Lifetime 

It  would  s««m  obvious  that  the  vatu*  placad  on  a  satsiiite  depends  on  an  estinnation  of  how 
long  the  satellite  will  remain  operational.  This  is  to  be  distinguished  from  a  satellite's  planned 
life  cycle,  which  is  a  fixed  timespan  estimated  by  satellite  designers  The  expected 
remaining  tretlme  Is  a  changing  estimate,  affected  by  the  spacecraft's  age.  fuel  reserves, 
and  known  satellite  subsystem  failures. 

Assume  for  now  that  the  sub-crtterlan  you  ranked  as  41  has  a  weighting  factor  of  1  On  the  seals  bsiow.  indicats 
the  relative  weights  for  the  other  two  sub-criterion,  by  placing  them  on  the  scale. 
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Section  (V,  CreatinQ  The  Multi-Variate  Critencn  Utlmy  runctlcns,  Part !! 


Crlteflon  1:  Envlronnunf 


Wa  dafina  a  satellite  used  in  the  environment  heksw  as  having  a  utility  «  1 


Political  State 

Adversary's  Space  Capability 
interratfonal  Economy 


General  War 
Space  SuperpcMfer 
Depression 


Now  we  define  a  satellite  used  in  the  environmsnt  bvi'Cin  aa  uSViriQ  S  Utifity  —  C, 


Politiual  State 

Adversary’s  Space  Capability 
Intemalfonal  Economy 


Peaceful  Stability 
Primitive 


Imagine  a  satetlite  used  in  the  environment  described  below: 


Poiilical  State 

Adversary's  Specs  Capability 
International  Economy 


General  War 

Primifive 

Boom 


Assign  a  number  beh'/een  0  and  1  that  best  describes  the  utility  value  you  place  on  a  satellite  that  is  used  in  this 
environment.  Assume  that  thesa  three  attributes  are  ttw  only  attributes  to  describe  the  satellite. 


Criterion  2;  Mission  Impact 


We  define  a  satallila  wih  the  mission  attributes  below  as  having  utINty  >  1 


Mission  Criticality 
Spaoe/Ground  Ratio 
Maturity  Of  Mission 


Criticai  To  Force  Survival 
100%  Space 
Fully  Integrated 


I  iwUsW  ' 


Mission  Criticality 
Space'Ground  Ratio 
Maturity  Of  Mission 


Trivial/ Scientific 
1OT%  Ground 
Unknown/Unused 


Now  imagine  a  satellite  with  the  mission  attributes  described  below; 


Mission  Criticality 
Space/Ground  Ratio 
Maturity  Of  Mission 


Critical  To  Force  Survival 
100%  Ground 
Unknovm/Unused 


Assign  a  number  between  0  and  1  that  best  describes  the  utility  value  you  place  on  a  satellite  with  this  mission 
attributes.  Assume  that  these  attributes  are  the  only  attributes  to  describe  the  satellite 
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Ssction  Vi  Cr63tin9  Ths  Ovsrs!'  Utslity  Functicn 


Rank  order  the  four  chterlon  In  ofCer  Of  impcrtoni 


I'Mot  «^e*v« 


j  3  Criterion  1:  Environment 

This  critanon  defines  ths  value  associated  with  the  time  dependent  ‘state  of  the  world. '  To 
provide  consistent  value  ratings  for  the  sateliitM,  a  ‘anapshof  a  taken  and  ranked  This 
cnterlon  since  it  can  be  thought  of  as  time  dependent,  allows  a  time  series  of  satellite  utility 
to  be  shown,  since  multiple  ‘snapshots'  can  be  taken  over  a  period  of  time,  in  addition,  this 
criterion  allows  soma  what  ifing*  to  be  done  This  criterion  is  evaluated  only  once,  as  the 

_ scares  wll  be  the  same  for  any  set  of  satellites  evaluated  at  a  panicular  time. 

I  1  I  Criterion  2;  Mission  Impact 

This  criterion  attempts  to  determine  the  value  of  a  satellite  s  mjssion(s)  relative  lo  the 
mission(s)  of  other  satellites.  As  such,  the  rating  given  may  reflect  an  entire  class  of 

_ sateSites.  for  example,  those  used  for  early  v/amtng 

I  3  j  Criterion  3:  Cost/Oomestic  Commitment 

The  value  of  a  satellite  Is  demonstrated  by  the  level  of  commitmenl  a  nation  makes  lo 
_ supporting  the  continuation  of  Its  mission. 

Criterion  4:  Satellite  Status 

This  criterion  takes  into  account  the  Individual  characteristics  of  the  satelilte. 

Assume  fOr  now  that  the  crfterion  you  ranked  as  #1  has  a  weighting  factor  ol  1 .  On  the  scale  below,  indicate  the 
relative  weights  for  the  other  three  criterion,  by  placing  them  on  the  scale. 


0.0  0.1  0,2 

Relatiy«  Weights. 


0.3 


0.4 


0.5 


0.6 


0.7 


08 


0.9  1.0 


0.55 


0.56 


0.9 
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Section  VI,  Creating  The  Overall  Utiliiy  runcuon,  Part !! 


Wt  aeflns  tt>e  satellite  described  below  as  a-i  wiib  uu'iiy  =  ■. 

Environment  General  War.  Space  Superpower.  Depression 

Mission  liTipacf  Mission  Criticality,  1 00%  Space  Fully  Integraied 

Cost/Domestic  Commitment  Explosive  Growth.  Intense  Program,  Launch  On  Need/ 

Comprehensive  Sparing 

Satailita  Status  No  Degradation.  Critical  To  Mission  State  Of  The  Art,  IS  Vesrs 

We  define  the  satellite  described  below  as  one  with  utllHy  =  0. 

Environment  Peaceful  Stability,  Primitive,  Boom 

Mission  Impact  Trivial/'ScienliflC.  1C0%  Gfound,  LirknovvrvunuSeu 

Coat/Domestic  Commitment  Near  Cancellation.  Mom  t  Pop  Program,  No  Near  Term  Launch/ 

No  Spares 

Satellite  Status  Non-Operetionai,  SpareiTIo  Direct  Impact  To  Mission.  Primitive. 

0  Years 


Imagine  a  satellite  with  the  characteritics  described  beicw; 

Environment  Peaceful  Stebility,  Primitive.  Boom 

Mission  Impact  Mission  Criticaiity,  1 00%  Space.  Fully  Integrated 

Cosl'Oomestic  Commitment  Near  Caneetlatlon,  Mom  S  Pop  Program,  No  Near  Term  Launch' 

No  Speres 

SatelLij  Status  Non-Operational,  SpareiNo  Direct  Impact  To  Mission,  Primitive, 

0  Years 

Assign  a  number  between  0  and  1  that  best  describes  the  utility  of  e  satellite  with  these  charecteristice 

I  »•'  I 
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Section  VII,  Calculations 


Risk  Attitude  Constants  Calibration  Constants  Sub-Criterion  Weights: 


1-1:  2.437511 

Criteria  1 

-0.94579 

1-1 

0.9 

1-2:  -2.43751 

Criteria  2 

-0.71561 

1-2 

0.54 

1-3:  0 

Criteria  3 

-0.81082 

1-3 

0.27 

2-1:  -6.92161 

Criteria  4 

-0.37682 

2-1 

0.75 

2-2:  0 

Overall 

12.39082 

2-2 

0.225 

2-3:  -0.82216 

2-3 

0.375 

3-1:  0.822163 

3-1 

0.56 

3-2:  -2.43751 

Criterion 

Weights: 

3-2 

0.245 

3-3:  0 

3-3 

0.7 

4-1:  -2.43751 

Criteria  1 

0.055 

4-1 

0.8 

4-2:  -0.82218 

Criteria  2 

0.1 

4-2 

0.72 

4-3;  -3.28128 

Criteria  3 

0.055 

4-3 

0.28 

4-4;  -0.40269 

Criteria  4 

0.09 

4-4 

0.52 

Risk  Attitude  Constant 

Calibration  Constant  Calculations 

Lookup  Table:  <1000  Iterations) 


1  Criteria  1  Criteria  2  Criteria  3  Criteria  4  Overall  | 

-0.94579 

-0.715611  -0.81082 

12.39082 

0 

0  0 

0 

-8.8E-12 

-0.94579 

-0.71561  -0.81082 

-0.97682 

12.39082 

.5  Utility 
Point 

RAC 

005 

13.86292 

01 

8921814 

0.15 

4.5S097 

0.2 

3.28128 

025 

2.437511 

0.3 

1.801071 

0.35 

1  278652 

0.4 

0  822163 

0.45 

0402692 

05 

C 

0.55 

-0  402692 

0.6 

-0  822163 

0.65 

-1.278652 

0.7 

-1  801071 

0.75 

-2  43751 1 

08 

-3.28128 

0.85 

-4.55097 

09 

•6921614 

0.95 

-13.86292 
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Section  Vill,  Satellite  Utility  Data 


K-a 

Milstar 

OFS-2 

K-b 

DSP 

17 

K-c 

NASA 

Cassini 

K-d 

• 

K-e 

• 

1-1:  lnt«mation*l  PolHicai  State 

0.25 

0.25 

0.25 

0,25 

0  25 

1-2:  Adversary's  Space  Capabiitty 

075 

0.75 

0,75 

075 

0.75 

1-3;  Intemationa!  Economy 

■KE 

0.5 

05 

05 

0.5 

2-1;  Mission  Criticality 

075 

095 

0.1 

0.7 

0.7 

2-2:  Sptce/Oround  Ratio 

0.5 

0  75 

1 

0  75 

0  75 

2-3;  Maturity  Of  Mission 

0.8 

1 

0 

■EE 

0.6 

3-1;  Economic  Commitment 

035 

0.5 

■EE 

0  35 

0.5 

3-2;  Economic  Impact 

0.75 

0.75 

oe| 

075 

0,75 

34:  LaiMKh  Priority 

05 

06 

EKE 

05 

■EE 

4-1:  Mission  ParformarKe  Status 

1 

1 

1 

1 

1 

4-2:  Contribution  To  Mission 

0.5 

0  75 

1 

0.5 

0.6 

44:  Level  Of  Technology 

1 

0  75 

0.85 

08 

■■Si 

4-4:  Expected  Remaining  UfelirTK  ’ 

0.7 

05 

0,7 

0.6 

■EE 

1  1 

i 

LJ(1-1) 

0.5 

0.5 

05 

0.5 

0.5 

0 

0 

0 

U(1.2) 

0.5 

0.5 

0.6 

05 

0.5 

0 

0 

0 

U(1-3) 

0.5 

0.5 

0.5 

05 

0.5 

0 

0 

0 

U(2-1) 

01754 

0.70717 

0.00099 

0,12451 

0.12451 

0 

0 

0 

U(2-2) 

0.S 

075 

1 

0  75 

0.7$ 

0 

0 

0 

U(2-3) 

0  72949 

1 

0 

021932 

0.5 

0 

0 

0 

U(3-1) 

0.44611 

0,60135 

0.60135 

0.44611 

0.60135 

0 

0 

0 

U(3-2) 

0.5 

0,5 

0  57722 

0.5 

0.5 

0 

0 

0 

U(3-3) 

0.5 

0.6 

0.5 

05 

0.6 

0 

0 

0 

U{4-1) 

1 

1 

1 

1 

1 

0 

0 

0 

U(4-2) 

0.3S86S 

0,66853 

1 

0.39865 

0,5 

0 

0 

0 

U(4-3) 

1 

0.41644 

0.59611 

0.5 

0.70935 

0 

0 

0 

U(4-4) 

0.65671 

0.44963 

0  65671 

0  55119 

0.44983 

0 

0 

0 

Environment  Utility 

0.66283 

0.66283 

0,66283 

0.66283 

0.66283 

0 

0 

0 

ivSsslon  Impact  Utility 

0  46187 

0.83965 

0.22562 

0.31834 

0.40469 

0 

0 

0 

Cost'Oomestic  Commitment  Utility 

0.59689 

07006 

0.66482 

0.59889 

0  7008 

0 

0 

0 

Satellite  Status  Utility 

0.94578 

0.94274 

0.9867 

0  92366 

0.93353 

0 

m 

0 

SATELLITE  UTILITY 

0.46228 

0.64387 

0,37683 

0.38631 

0.44981 

0 

■ 

0 

Rank 

2 

1 

6 

4 

3 

'  A  ry«ian  value  w«  uted  'oi  the  Eaoecteo  SemaiiwiB  Utetune  fct  aait  liw  <-o  The  ecaii'  vetue  c«W  id  :e  vntd  ir  liw  wdeeai'ied  atcumem 
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Appendix  C:  Titan  Simplified  Launch  Processing  & 
Scheduling  Optimization  LP 


LP83  thesis2  output  t2.out  alternate  1  eoitanalysis  yes 

Copyright  (C)  1986  by  Sunset  Software. 

All  Rights  Reserved  Worldwide. 

1613  Chelsea  Road,  Suite  153 

San  Harino,  California  91108  U.S.A. 

licensed  Solely  To;  Uright-Patterson  Air  Force  Base 


OEFINITiaiS 


Variables  >  X 


1st  placeholder: 
2nd  placeholder; 


3rd  placeholder; 


Satellite  Designation  -  a,  b,  c,  d,  e 
Process  location  -  i  =  Bove  to  VIB  and  process 

}  •>  continue  or  hold  VIB  processing 
k  =  BOve  to  SHAB  and  process 
I  ■  continue  or  hold  SHAB  processing 
■  a  Bove  to  launch  pad  (SLC  A0/A1>  and  process 
n  =  continue  or  hold  launch  processing 
o  a  launch  coepleted  and  pad  refurbished 
t1tse<2  month  increments)-  1,  2,  3,  4.  5,  6,  7 

tine  1  »  beginning  of  month  1  (end  of  month  0) 

tiBe  2  *  beginning  of  month  3  (end  of  aonth  2) 

tine  3  a  beginning  of  month  5  (end  of  aonth  4) 

time  4  =  beginning  of  month  7  (end  of  month  6) 

time  5  ■  beginning  of  month  9  (end  of  aonth  8) 

tine  6  «  beginning  of  month  11  (end  of  month  10) 
tine  7  *  beginning  of  month  13  lend  of  month  12) 


.TITLE 

Launch  Prioritization 


utility IK-a)  «  .452 
ut1Uty<IC-b)  a  .644 
utility (K-C)  a  .377 
utiHty(K-d)  a  .386 
utility(K-e)  *  .450 


..OejECTlVE  HAXIHIZE 

« 

.452  Xail  +  .644  Xbi1  ♦  .377  Xcil  -r  .386  Xdi1  +  .450  Xeil 

♦  .452  Xai2  t  .644  Xbi2  ♦  .377  Xei2  f  .386  Xdi2  ♦  .450  Xei2 

♦  .452  Xa13  +  .644  Xbi3  ♦  .377  Xci3  +  .386  Xdi3  ♦  .450  Xei3 

♦  .452  Xai4  *  .644  Xbi4  t  .377  Xc14  *  .386  Xdi4  *  .450  Xei4 

♦  .452  Xai5  ♦  .644  Xbi5  ♦  .377  Xei5  +  .386  Xdi5  ♦  .450  XeiS 

♦  .452  Xa16  +  .644  Xbi6  ♦  .377  Xci6  +  .386  Xdi6  ♦  .450  Xai6 

+  .452  Xai7  ♦  .6U  Xbi7  ♦  .377  Xci7  ♦  .386  Xdi7  ♦  .450  Xe17 

♦  0  Xaji  0  Xbjl  ♦  0  Xejl  *  0  Xdji  +  0  Xejl 

♦  0  XaJ2  ♦  0  Xbj2  +  0  Xel2  +  0  Xdj2  +  0  Xej2 

♦  0  Xaj3  0  Xbj3  +  0  Xej3  t  0  Xdj3  ♦  0  Xej3 

+  0  Xaj4  *  0  Xbj4  ♦  0  Xcj4  ♦  0  Xd}4  ♦  0  XeJA 

♦  0  Xaj5  +  0  Xbj5  +  0  Xej5  ♦  0  Xdj5  +  0  XejS 

♦  0  Xaj6  h  0  Xbj6  t  0  Xcj6  *  0  Xdj6  t  0  Xej6 

♦  0  Xaj7  +  0  Xbj7  ♦  0  XcJ7  +  0  XdJ7  +  0  Xej7 

♦  0  Xaki  0  Xbkl  *  0  Xcki  *  0  Xdkl  +  0  Xeki 

♦  0  Xak2  t  0  Xbk2  *  0  Xck2  *  0  Xdk2  *  0  Xek2 

♦  0  Xak3  *  0  Xbk3  *  0  Xck3  *  0  Xdk3  *  0  Xek3 


C-I 


«  0  X*k4  *  0  XbkA  +  0  XckA  *  0  XdkA  -f  0  XekA 

♦  0  X»k5  ♦  0  Xbk5  ♦  0  XekS  ♦  0  XdkS  ♦  0  XekS 

♦  0  Xak6  *  0  Xbk6  +  0  Xck6  *  0  Xdk6  *  0  Xek6 

♦  0  Xak7  ♦  0  Xbk7  ♦  0  Xek7  +  0  Xdk7  ♦  0  X«k7 

♦  0  Xall  ♦  0  Xbll  +  0  Xcll  +  0  Xdll  ♦  0  Xell 

♦  0  Xal2  +  0  Xbl2  ♦  0  Xel2  ♦  0  Xdl2  +  0  Xel2 

♦  0  Xal.3  *  0  Xbl3  +  0  Xel3  *  0  Xdl3  *  0  Xel3 

♦  0  XaU  *  0  XbU  +  0  Xcl4  0  XdU  *  0  XeU 

♦  0  XalS  +  0  Xbl5  +  0  Xel5  ♦  0  Xdl5  ♦  0  Xel5 

♦  0  Xal6  ♦  0  Xbl6  +  0  Xcl6  ♦  0  Xdl6  ♦  0  Xel6 

♦  0  X8l7  ♦  0  Xbl7  +  0  Xel7  +  0  Xdl7  +  0  Xb17 

♦  0  Xami  *  0  Xbn1  *  0  Xcal  *  0  Xdal  *  0  Xenl 

♦  0  Xain2  *  0  Xbm2  +  0  Xcii2  *  0  Xdiii2  *  0  Xeff2 

♦  0  XanS  ♦  0  Xb«i3  +  0  Xe«3  +  0  Xdiii3  0  X*fi3 

♦  0  XaivA  *  Q  XbnA  *  0  XcaA  *  0  XdmA  +  0  XtoA 

♦  0  Xa«S  *  0  XbnS  *  0  XcaS  *  0  XdtiS  *  0  Xe«5 

♦  0  Xaft6  ♦  0  Xbm6  +  0  Xcii6  ♦  0  Xdtr6  +  0  Xe*6 

♦  0  Xaii7  +  0  Xb«i7  +  0  XeB7  ♦  0  Xd«7  ♦  0  Xe«7 

♦  0  Xani  +  0  Xbnl  ♦  0  Xcrl  0  Xdnl  0  Xeni 
0  Xan2  *  0  Xbn2  +  0  Xcr2  *  0  Xdn2  *  0  Xen2 

♦  0  Xan3  +  0  Xbn3  +  0  Xcn3  ♦  0  Xdn3  +  0  Xen3 

♦  0  XanA  ♦  0  XbnA  ♦  0  XenA  ■»  0  XdrvA  +  0  XeoA 

♦  0  XanS  ♦  0  Xbo5  ♦  0  XcnS  ♦  0  XdnS  +  0  XenS 

♦  0  Xan6  ♦  0  Xbn6  +  0  Xen4  ♦  0  Xdn6  +  0  X»o6 

+  0  Xan7  +  0  Xbn7  ♦  0  Xcn7  ♦  0  Xdn7  >  0  X«n7 

+  0  Xaa1  4  0  Xbol  ♦  0  Xcol  ♦  0  Xdol  0  Xeo1 

♦  0  XaQ2  ♦  0  Xbo2  +  0  Xco2  ♦  0  Xdo2  +  0  Xeo2 

+  0  X«o3  +  0  Xbo3  +  0  Xeo3  ♦  0  Xdo3  +  0  Xeo3 

♦  0  XaoA  *  0  XboA  +  0  XeoA  4  0  XdoA  >  0  XtoA 

+  0  Xao5  +  0  Xbo5  +  0  XcoS  ♦  0  XdoS  +  0  XeoS 

♦  0  Xto6  f  0  Xbo6  *  0  Xco6  *  0  Xdo6  *  0  Xeo6 

♦  0  Xao7  ♦  0  Xbo7  ♦  0  Xeo7  ♦  0  Xdo7  ♦  0  X»o7 

* 

..CONSTRAINTS 

« 

•  Satellite  goes  through  flow  either  0  or  1  tiee: 

n 

Xei1  +  Xai2  +  Xe13  ♦  Xai4  ♦  Xei5  ♦  Xoi6  +  Xai7  1 

« 

Xbi1  ♦  Xbi2  ♦  Xbi3  ♦  XbU  ♦  XbiS  ♦  XbU  ♦  Xb17  <»  1 

* 

Xeil  ♦  Xei2  +  Xci3  ♦  XeU  +  XciS  XcU  *  Xc17  <»  1 

Xdll  *  Xd12  ♦  Xd13  ♦  XdU  ♦  Xd15  ♦  Xdi6  ♦  Xdi7  <■  1 

« 

Xtil  ♦  X*i2  ♦  X«13  +  X.iA  ♦  XeiS  ♦  XeU  '  Xe17  ««  1 

*  Satellite*  that  start  processing  aust  complete  through  launch; 

« 

Xait  ♦  Xai2  +  X*i3  ♦  XaiA  +  XaiS  ♦  XaU  ♦  Xa{7  -  Xaol  Xac2 

-  X*o3  -  XaoA  -  XaoS  -  Xao6  -  Xao7  =  0 

« 

Xbi1  ♦  Xbi2  +  i;bi3  ♦  XbiA  +  XbiS  ♦  Xbi6  +  Xbi7  -  Xbo1  -  Xbo2 

-  Xbo3  -  XboA  -  XboS  -  Xbo6  -  Xbo7  =  0 

Xeil  +  Xei2  ♦  Xei3  ♦  XeiA  ♦  XeiS  ♦  Xci6  ♦  Xei7  -  Xcpi  -  XcoJ 

-  Xco3  -  XcoA  -  XeoS  -  Xco6  -  Xeo7  «  0 

* 

Xdil  ♦  Xdi2  ♦  Xdi3  ♦  XdiA  ♦  XdiS  ♦  Xdi6  ♦  Xdi7  -  Xdol  -  Xdo2 

-  Xdo3  -  XdoA  -  XdoS  -  Xdo6  -  Xdo7  »  0 

. 

Xai1  ♦  Xei2  ♦  XaiS  ♦  XeiA  +  XeiS  ♦  Xei6  ♦  Xei7  -  Xeol  -  Xeo2 

-  Xeo3  -  XeoA  -  XeoS  -  Xeo6  -  Xeo7  «  0 

. 

*  VIB  Capacity 

* 

Xail  ♦  Xbil  ♦  Xei1  ♦  Xdil  +  Xeil  ♦  Xai1  +  Xb}1  ♦  Xcjl  ♦  Xdji 


C-2 


♦  Xejl  <■  5 

J(*i2  ♦  Xbi2  +  Xci2  +  Xdi2  +  X«i2  ♦  X*j2  ♦  Xbj2  +  Xej2  +  Xdj2 

♦  X«j2  <“  S 

xal3  ♦  Xbl3  ♦  xc13  ♦  Xdi3  +  X#i3  ♦  Xa]3  ♦  Xbj3  +  Xcj3  +  Xdj3 
+  X«j3  <■  S 

XaM  ♦  Xbi*  ♦  Xci4  Xdi4  +  Xei4  ♦  Xaj4  +  X&j4  Xcj4  +  Xdji 

♦  Xej4  <=  5 

XaiS  ♦  Xb15  ♦  Xc15  ♦  XdiS  ♦  Xei5  ♦  Xa}5  ♦  Xbj5  +  Xcj5  +  Xdj5 

♦  XejS  <■  5 

Xai6  +  Xbi6  +  Xci6  +  Xdi6  +  Xei6  ♦  Xaj6  ♦  Xbj6  +  Xcj6  ♦  Xdjb 

♦  Xtj6  <■  5 

Xai7  +  Xb17  +  Xei7  ♦  Xdi7  +  X#i7  ♦  Xaj7  +  Xbj7  ♦  Xej7  +  Xdj7 
+  Xtj7  <■  5 

SnAB/S?1ARF  Capacity; 

xaki  +  xbkl  +  Xck1  +  Xdk1  •  Xekl  .♦  XaH  ♦  Xbll  ♦  XcU  +  Xdl1 
+  Xell  <=  2 

Xak2  +  xbk2  ♦  Xck2  ♦  Xdk2  ♦  Xek2  ♦  Xal2  ♦  Xbl2  +  Xcl2  ♦  Xdl2 

♦  Xal2  <=  2 

Xak3  +  Xbk3  ♦  Xek3  ♦  Xdk3  ♦  X«k3  +  Xal3  ♦  Xbl3  ♦  Xcl3  +  Xdl3 
+  Xe(.3  <«  2 

Xak4  ♦  Xbk4  ♦  Xck4  ♦  Xdk4  +  Xek4  ♦  XaU  ♦  Xbl4  +  XcU  +  XdU 
+  XaU  <«  2 

XakS  ♦  XbkS  ♦  XckS  ♦  XdkS  +  XekS  ♦  Xal5- ♦  XblS  ♦  Xcl5  ♦  XdlS 

♦  Xel5  <«  2 

Xak6  ♦  Xbk6  ♦  Xek6  ♦  Xdk6  ♦  Xek6  ♦  XaU  ♦  Xbl6  ♦  Xel6  +  XdU 

♦  XaU  <«  2 

Xak7  ♦  Xbk7  ♦  Xek7  +  Xdk7  ♦  Xak7  ♦  Xal7  ♦  Xbl7  Xcl7  Xdl7 
+  Xal7  <«  2 

PAD  40/41  Capacity; 

Xaa1  ♦  Xbal  ♦  Xca1  +  Xdml  ♦  Xami  ♦  Xani  ♦  Xbol  ♦  Xcnl  ♦  Xdnl 

♦  Xani  «a  2 

Xa«2  *  Xba2  *  Xen2  *  Xdm2  Xeffl2  *  Xan2  *  Xbo2  Xcn2  *  Xdn2 

♦  Xan2  <=  2 

Xaa3  +  Xba3  *  Xeiii3  *  Xdm3  *  Xam3  *  Xan3  *  Xbn3  +  Xen3  «  Xdn3 

♦  Xan3  <*  2 

Xaa4  *  XbaA  +  Xcn4  *  Xd<n4  *  Xaffl4  *  Xan4  +  Xbn4  *  Xcn4  *  Xdn4 

♦  Xan4  <»  2 

Xaa3  +  XbaS  +  XcaS  ♦  XdmS  ♦  XemS  ♦  XanS  ♦  Xbn5  ♦  Xenj  +  Xdn5 

♦  Xan5  <a  2 

xaad  *  Xba6  *  Xemi  *  Xdmd  ♦  Xamd  +  Xan6  ♦  Xbn6  ♦  Xefi6  *  Xdn6 
t  Xan6  «a  2 

Xam?  *  xtm7  *  Xca7  ♦  Xdm7  ♦  Xem?  +  Xan7  *  Xbn?  t  Xcn?  +  Xdn? 

♦  Xen7  »•  2 

Each  aatedlte  can  ba  at  nost  In  ona  process  at  a  given  time: 
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* 

Uil  ♦  X*j1  ♦  Xaki  ♦  Xall  ♦  Xani  ♦  Xanl  ♦  Xao1  1 

Xa12  +  XaJ2  ♦  Xak2  ♦  Xal2  ♦  X8n2  ♦  Xan2  <■  '102  <•  1 

Xai3  ♦  XajS  ♦  Xak3  ♦  Xal3  ♦  Xam3  ♦  Xdn3  ♦  aboS  <»  1 

Xai*  ♦  Xaj4  ♦  Xak4  +  Xal4  ♦  XaB4  +  Xan4  ♦  xao4  <•  1 

XaiS  +  XajS  ♦  XakS  +  XaLS  ♦  Xa«5  ♦  XanS  Xao5  <*  1 

Xai6  ♦  Xaj6  +  Xak6  ♦  Xal6  ♦  Xa«t6  ♦  Xan6  +  Xao6  <=  1 

Xti7  +  Xaj?  +  Xak7  +  XaL7  ♦  Xa«i7  ♦  Xan7  ♦  Xao7  <■  1 

* 

Xbil  ♦  Xbj1  ♦  Xbkl  ♦  Xbll  +  Xb«1  +  Xbnl  ♦  Xbo1  <=  1 

Xb12  ♦  Xbj2  ♦  Xbk2  ♦  Xbl2  ♦  Xbir2  +  Xbn2  +  Xbo2  <■  1 

Xb13  ♦  Xbj3  ♦  Xbk3  ♦  Xbl3  ♦  Xbm3  +  Xbn3  ♦  Xbo3  <•  1 

Xbi4  ♦  Xbj4  +  Xbk4  +  xbU  ♦  Xb»4  +  Xbn4  ♦  Xbo4  <=  1 

XbiS  ♦  XbjS  ♦  XbkS  ♦  Xbl5  +  Xba5  ♦  XbnS  ♦  Xbo5  **  1 

Xbi5  ♦  Xbjb  ♦  Xbk6  ♦  Xbl6  +  Xbafi  ♦  Xbn6  ♦  Xbo6  <=  1 

Xbi7  ♦  Xbj7  ♦  Xbk7  ♦  Xbl7  ♦  Xba7  ♦  Xbn7  +  Xbo7  <■  1 

* 

xcil  ♦  Xejl  +  Xcki  +  Xell  +  Xcal  ♦  Xcbl  ♦  Xcol  <=  1 

Xci2  ♦  Xei2  *  Xek2  +  XcL2  ♦  Xe*2  ♦  Xen2  +  Xco2  <«  1 

Xci3  +  Xej3  +  Xek3  ♦  XcL3  +  Xc«3  +  Xcn3  +  Xco3  1 
Xci4  +  Xej4  +  Xck4  ♦  XeU  ♦  Xe»4  ♦  Xcn4  ♦  Xco4  <=  1 

Xc15  +  XejS  +  XekS  ♦  Xel3  ♦  Xe«5  +  Xcn5  ♦  Xto5  <■  1 

Xe16  +  Xej6  +  Xck6  ♦  Xel6  ♦  Xcii6  ♦  Xen6  •:  Xcc6  <»  1 

Xei7  +  Xcj7  ♦  Xck7  ♦  Xc(,7  ♦  X««7  ♦  Xcn7  +  Xco7  <=  1 

• 

Xdil  ♦  Xcjl  ♦  Xdk1  ♦  Xdll  ♦  Xdal  +  Xdnl  ♦  Xdol  <«  1 

Xdi2  +  Xdj2  +  Xdk2  *  XdL2  +  Xdm2  ♦  Xdn2  ♦  Xdo2  <=  1 

Xdi3  ♦  Xdj3  ♦  Xdk3  ♦  Xdl3  ♦  Xd«3  ♦  Xdn3  +  Xdo3  <«  1 

Xdi4  +  Xdj4  +  Xdk4  +  XdU  +  Xd»4  ♦  Xdrv4  ♦  Xdo4  •=  1 

Xdi5  ♦  XdjS  ♦  XdkS  ♦  Xdl5  ♦  XdinS  ♦  Xdn5  ♦  Xdo5  «■  1 

Xdi6  ♦  Xdj6  ♦  Xdk6  +  Xdl6  +  Xdtii6  ♦  Xdn6  ♦  Xdo6  <=  1 

Xdi7  ♦  Xdj7  ♦  Xdk7  ♦  Xdl7  ♦  Xda7  +  Xdnx  ♦  Xdo7  <»  1 

* 

Xail  ♦  Xaji  +  Xek1  +  Xal1  ♦  Xanl  ♦  X«n1  ♦  Xeol  <=  1 

Xai2  +  Xaj2  +  Xak2  ♦  Xal2  ♦  Xa»2  ♦  Xen2  ♦  Xeo2  <»  1 

Xei3  ♦  Xej3  *  X«k3  ♦  X«13  ♦  Xe.23  ♦  Xer.3  ♦  Xeo3  <•  1 

X*i4  ♦  Xaj4  +  XekA  ♦  Xal4  ♦  Xam4  +  Xan4  ♦  Xeo4  <=  1 

XaiS  ♦  XtjS  ♦  Xek5  ♦  XaiS  ♦  XenS  ♦  XenS  ♦  XeoS  <»  1 

Xeib  +  Xej6  +  Xak6  ♦  Xal4  ♦  Xen6  t  Xen6  ♦  Xec6  <»  1 

Xai7  +  Xaj7  ♦  Xak7  ♦  Xal7  ♦  Xaa7  ♦  Xan7  ♦  Xeo7  <®  1 

a 

•  VI9  processing  tine  (4  aonths): 

a 

Xail  -  XaJ2  <=  0 
Xai2  “  Xaj3  <■  0 
Xai3  -  Xaj4  «■  0 
Xai4  -  XajS  <»  0 
XaiS  -  Xaj6  «-  0 
Xai6  -  Xaj7  <=  0 
a 

Xail  -  Xak3  «•  0 
Xsi2  -  Xak4  <a  0 
Xai3  -  XakS  «=  0 
Xai4  -  Xak6  <■  0 
XaiS  -  Xakr  <=  0 
a 

Xbil  -  Xbj2  «»  0 
Xb12  -  XbJ3  «»  0 
XbiS  -  Xbj4  «=  0 
Xbi4  -  XbjS  <=  0 
XbiS  -  Xbj6  0 
Xbi6  -  Xbj7  <»  0 

Xbil  -  XbkS  <=  0 
Xb12  -  Xbk4  <•  0 
XbiS  -  XbkS  <»  0 
Xbi4  -  Xbk6  <=  0 
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XbiS  -  Xbk7  <=  0 


Xeil  -  Xej2  <■  0 
Xei2  -  Xcj3  <=  0 
Xci3  -  XejA  <»  0 
Xei4  -  XcjS  <■  Q 
XciS  -  Xcj6  <=  0 
Xci6  -  Xej7  «■  0 

• 

Xeil  -  Xek3  <■  0 
Xci2  -  Xck4  <=  0 
Xei3  -  XekS  <■  0 
Xci6  -  Xck6  <=  0 

XciS  -  Xek7  <■  0 

• 

Xdi1  -  Xdj2  <=  0 

Xd12  -  Xdj3  <■  0 

Xdi3  -  XdjA  <»  0 

Xdi4  -  XdjS  *-  0 

XdiS  -  Xdi6  <•  0 

Xdi6  -  Xdj7  <=  0 

* 

Xdil  -  Xdk3  <■  0 

Xdi2  -  Xdk4  <=  0 

Xdi3  -  XdkS  <■  0 

Xdi4  -  Xdk6  <-  0 

XdiS  -  Xdk7  <»  0 

H 

Xei1  -  X#j2  <=  0 

Xei2  -  Xej3  <■  0 

X»i3  -  X'!j4  <■  0 

;  .:4  -  x«j5  <*  0 

xeiS  -  Xejd  <•  0 

X«i6  -  x«j7  <=  0 

« 

X«i1  -  X«k3  <■  0 

Xti2  -  X«k4  <3  0 

X«i3  -  XtkS  <»  0 

X«i4  -  X«k6  <3  0 

XeiS  -  X«k7  <3  0 

* 

*  Satellite  cennot  be  put  "on  hold"  in  V  i: 

xejl  ♦  Xai2  +  Xaj3  ♦  Xaj4  ♦  XajS  •  Xaj6  ♦  Xa]7  3  i 

Xbj1  ♦  Xbj2  ♦  XbJ3  ♦  Xbj4  ♦  XbJS  ♦  Xbj6  Xbj7  .  1 

Xejl  +  Xei2  +  Xcj3  ♦  Xej4  ♦  XcjS  ♦  Xcj6  ♦  Xej?  =  1 

Xdji  ♦  Xdi2  ♦  XdjS  ♦  Xdj4  +  XdjS  ♦  Xdj6  ♦  Xdj7  •  1 

Xej1  ♦  Xej2  ♦  Xej3  ♦  Xej4  ♦  XejS  ♦  Xej6  ♦  Xej7  -  1 

• 

*  sriAB/SNXRF  proceteing  tiae  (.2  nonthi): 

• 

Xaki  •  X8m2  <■  0 
Xak2  -  Xe«3  <■  0 
Xak3  -  Xaa4  <3  0 
Xak4  -  XatuS  <■  0 
XakS  -  tmtn6  *•  0 
Xak6  -  Xan7  <*  0 

• 

Xbkl  -  Xbm2  <3  0 
Xbk2  -  Xbn3  0 
Xbk3  -  Xb(ii4  «■  0 
Xbk4  -  xbmS  <■  0 
XbkS  -  Xb«i6  <3  0 
Xbk6  -  Xbn7  «■  0 

* 

Xek1  -  Xcm2  <■  0 
Xck2  -  XcriS  <3  0 
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IckJ  -  Xei<4  <=  0 
XckU  -  XciS  <=  0 
XckS  -  Xciii6  <«  0 
Xel(6  -  XcB?  <=  0 

* 

Xdkl  -  Xda2  <»  0 
Xdxa  -  XdnS  <=  0 
Xdk3  -  Xdii4  <■  0 
Xdk4  -  XdnS  «•  0 
XdkS  -  XdiB6  <=  0 
Xdk6  -  Xdn?  <■  0 

* 

Xeki  -  XenZ  <»  0 

XekZ  -  Xta3  <■  0 

x*k3  -  x*i»4  <=  0 

Xek4  -  X«ii5  <■  0 

XakS  -  Xeii6  <■  0 

X*k6  -  X«a7  <3  0 

* 

*  S«t«l.lite  cannot  ba  put  "on  hold"  In  ShAB/Sf!ARf; 

* 

Xall  ♦  Xal2  +  Xal3  +  Xal4  ♦  XalS  +  Xal6  ♦  Xal7  »  0 

Xbl1  ♦  Xbl2  ♦  Xbl3  +  Xbl4  ♦  XblS  +  Xbl6  ♦  Xbl7  *  0 

XeL1  +  Xcl2  ♦  Xel3  ♦  Xcl4  ♦  Xel5  ♦  Xcl6  +  Xcl7  •  0 

Xdll  ♦  Xdl2  +  Xdl3  +  Xdl4  ♦  Xdl5  +  Xdl6  +  Xdl7  •  0 

Xall  ♦  Xal2  +  Xel3  ♦  Xal4  ♦  XalS  ♦  Xel6  +•  Xel7  *  0 

a 

*  PAD  procassing  tiiM  (2  aonths): 

a 

Xa«i1  -  Xao2  <■  0 
Xa<n2  -  Xaa3  0 
Xain3  -  Xao4  <=  0 
Xa«4  -  XaoS  <*  0 
XanS  -  Xao6  <■  0 
Xanb  -  Xao7  <*  0 
a 

Xbol  -  Xbo2  *-  0 
XtxnZ  -  Xbo3  <=  0 
Xb«t3  -  Xbo4  <»  0 
Xb«n4  -  XboS  «”  0 
Xb«i5  -  Xbo6  ««  0 
Xbmd  -  Xbo7  <=  0 
a 

Xcml  -  Xeo2  <■  0 
XcaiJ  -  Xco3  <=  0 
Xen3  -  Xeo4  0 
XcsA  -  XcoS  <=  0 
XcaS  -  Xco6  <•  0 
Xcmb  -  Xco7  <=  0 
a 

Xdnl  -  Xdo2  ■<«  0 
Xdni2  -  Xdo3  <*  0 
Xdra3  -  Xdo4  0 
Xd«4  -  Xdo5  <■  0 
XdiiiS  -  Xdo6  <■  0 
Xdai6  -  Xdo7  0 

a 

Xaal  -  Xeo2  0 
Xem2  -  Xeo3  0 
Xam3  -  Xao4  0 
Xeiii4  -  XaoS  ■**  0 
XemS  -  Xeo6  «■  0 
XeiTib  -  Xao7  <■  0 
a 

*  Satellite  cannot  be  put  "on  hold"  on  PAD; 

a 

Xan1  ♦  Xan2  ♦  Xan3  ♦  Xan4  ♦  XanS  ♦  Xanb  +  Xan?  ■»  0 
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Xbo1  ♦  Xbn2  +  Xbn3  +  Xbn4  +  XbnS  ♦  Xbn6  ♦  Xbn?  =  0 

Xcnl  ♦  Xcn2  +  Xcn3  +  Xcn4  +  XcnS  ♦  Xen6  +  Xcn7  «  0 

Xdnl  Xdn2  +  Xdn3  +  Xdn4  ♦  XdnS  ♦  Xdn6  +  Xdn7  =  0 

X«n1  ♦  Xen2  +  X«n3  ♦  Xen«  +  X«ft5  ♦  Xen6  +  Xefi7  »  0 

* 

Process  cannot  be  eonpteted  unless  started  by  t=3; 

* 

Xai7  ■  0 
Xbi7  ■  0 
Xei7  =  0 
Xdi7  ■  0 
Xai7  •  0 

* 

Xal6  »  0 
Xbi6  «  0 
Xci6  >  0 
Xdi6  =  0 
Xei6  =  0 

* 

XaiS  ■  0 

XbiS  =  0 

XeiS  ■  0 

XdiS  «  0 

XeiS  “  0 

* 

Xai4  e  0 

Xbi4  «  0 

Xci4  =  0 

Xdi4  ■  0 

Xei4  ■  0 

* 

*  Satellite  Launch  Windows: 

• 

*  Satellites  A,  B,  E  launched  at  end  of  tine  =  6  (start  of  ?) 

XaaS  ♦  Xao6  =  0 

XboS  ♦  Xbo6  =  0 

XeoS  ♦  X#o6  ■  0 

*  Satellite  C  launched  at  end  of  tiiae  *  5  (start  of  6) 

XeoS  ♦  Xeo7  *  0 

*  Satellite  0  launched  at  end  of  tiiae  =  4  (start  of  5) 

Xdo6  ♦  Xdo7  =  0 


Statistics- 
LP83  Version  S.(X}a 
Hachine  aeiaory:  640K  bytes. 

Pagable  ■enory:  402K  bytes, 
(ibjaetive  Function  is  NAXIHIZED. 
Variables:  245 

Constraints:  221 

176  LI,  45  EQ,  0  GE. 

Non-zero  LP  elements;  925 
Disk  Space;  OK  bytes. 

Page  Space:  42SK  bytes. 

Capacity;  52. OX  used. 

Estirated  Tine;  00:09:56 

Iter  94 

Solution  Tiae:  (X);(X>;48 
ALTERNATE  SOLUTIONS 


C-7 


Appendix  D:  Reduced  Launch  Optimization  Linear  Programs 


!  Launch  Prioritization  (Reduced  Vertion) 

1 

i  DEFINITIONS: 

I 

!  Launch  Decision  Variables  -  Go/No  Go:  A,  B,  C,  D,  E 
!  -  Tiae  Period  of  Launch:  A  B  C  D  E  _ 

1  Ltiiiie  =  5:  beginning  of  aonth  9,  or  end  0+  month  8) 

!  ttine  “  6:  beginning  of  aonth  11,  or  end  of  tionth  10) 

i  (tiae  =  7:  beginning  of  aonth  13,  or  end  of  month  12) 

I 

!  utility(K-A)  =•  .452 
!  utility(K-8)  =  .6U 
!  utility (K-C)  =  .377 
!  utility(K-D)  »  .386 
!  utility(K-E)  “  .450 

I 

HAX  .452  A  ♦  .644  B  .377  C  +  .386  D  ♦  .450  E 

I 

SUBJECT  TO 

1 

AS+A6+A7-A-0 
BS  +  B6  +  87  -  8  ■  0 

j 

CS  ♦  C6  +  C7  -  C  •  0 
i 

DS  ♦  06  ♦  07  -  D  =  0 
E5  +  E6eE7-E«0 

I 

a5  ♦  A6  ♦  A7  <=  1 

! 

as  ♦  B6  +  fl7  <■  1 

j 

CS  ♦  C6  ♦  C7  <■  1 

I 

D5  ♦  06  ♦  07  <■  1 

! 

E5  +  E6  ♦  E7  <■  1 
I 

!  PAD  40/41  Capacity: 

I 

AS  ♦  85  ♦  C5  +  05  +  E5  <=  2 

A6  +  B6  ♦  C6  +  06  +  E6  <«  2 

A7  +  B7  +  C7  ♦  07  ♦  E7  <=  2 

I 

I  SATELLITE  LAUNCH  UINOOUS: 

I 

A5  +  A6  ■  0 

BS  >  86  >  0 

CS  ♦  C7  s  0 

06  +  07  ■  0 

ES  +  E6  >  0 

I 

i 

END 

LEAVE 
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LP  OPTIHUM  POOND  AT  STEP 


7 


OBJECTIVE  FUHCTiaS  VALUE 


1) 

1.8590000 

VARIABLE 

VALUE 

REDUCED  COST 

A 

1.C00000 

.000000 

B 

1.000000 

.000000 

C 

1.000000 

.000000 

0 

1.000000 

.000000 

E 

.000000 

.002000 

AS 

.000000 

.000000 

A6 

.000000 

.000000 

A7 

1.000000 

.000000 

BS 

.000000 

.000000 

B6 

.000000 

.000000 

B7 

1.000000 

.000000 

C5 

.000000 

.000000 

Ci 

1.000000 

.000000 

C7 

.000000 

.452000 

05 

1.000000 

.000000 

06 

.000000 

.000000 

07 

.000000 

.452000 

E5 

.000000 

.000000 

E6 

.000000 

.000000 

E7 

.000000 

.000000 

ROW  SUCK  OR  SURPLUS 

DUAL  PRICES 

2) 

.000000 

-.452000 

3) 

.000000 

-.644000 

4) 

.000000 

-.377000 

5) 

.000000 

-.386000 

6) 

.000000 

-.452000 

7) 

.000000 

.000000 

8) 

.000000 

.192000 

9) 

,000000 

.377000 

10) 

.000000 

.386000 

11) 

1.000000 

.000000 

12) 

1.000000 

.000000 

13) 

1.000000 

.000000 

14) 

.000000 

.452000 

15) 

.000000 

.452000 

16) 

.000000 

.452000 

17) 

.000000 

.000000 

18) 

.000000 

.000000 

19) 

.000000 

.452000 

fW.  ITERATIONS= 

7 

RAN6ES  IN  WHICH  THE  BASIS  IS 

UNCHANGED: 

OBJ 

COEFFICIENT  RANGES 

VARIABLE 

CURRENT 

ALLOWABLE 

ALLOWABLE 

COEF 

INCREASE 

DECREASE 

A 

.452000 

.192000 

.002000 

B 

.644000 

INFINITY 

.192000 

C 

.377000 

INFINITY 

.377000 

0 

.386000 

INFINITY 

.386000 

E 

.450000 

.002000 

INFINITY 

AS 

.000000 

INFINITY 

.000000 

A6 

.000000 

.000000 

INFINITY 

A7 

.000000 

.192000 

.002000 

BS 

.000000 

.000000 

INFINITY 

B6 

.000000 

INFINITY 

.000000 

B7 

.000000 

INFINITY 

.192000 

i 


I 
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I 


C5 

.000000 

C6 

.000000 

C7 

.OOOOM 

OS 

.000000 

06 

.000000 

07 

.000000 

E5 

.000000 

E6 

.000000 

E7 

.000000 

ROU 

CURRENT 

RHS 

2 

.000000 

3 

.000000 

4 

.000000 

5 

.000000 

6 

.000000 

7 

1.000000 

8 

1.000000 

9 

1.000000 

10 

1.000000 

11 

1.000000 

12 

2.000000 

13 

2.000000 

14 

2.000000 

15 

.000000 

16 

.000000 

17 

.000000 

18 

.000000 

19 

.000000 

.000000 

INflNIIY 

.45c000 

INFINITY 

.000000 

.4SZOOO 

.000000 

INFINITY 

.002000 


SISHTHANO  SIDE  RANGES 
AULOUABLE 
INCREASE 
1.000000 
1.000000 
1.000000 
1.000000 
1.000000 
INFINITY 
1.000000 
1.000000 
1.000000 
INFINITY 
INFINITY 
INFINITY 
.000000 
.000000 
.000000 
.000000 
.000000 
.000000 


INFINITY 

.000000 

INFINITY 

.000000 

INFINITY 

INFINITY 

INFINITY 

.000000 

INFINITY 


AULOUABLE 

DECREASE 

INFINITY 

INFINITY 

INFINITY 

INFINITY 

.000000 

.000000 

.000000 

1.000000 

1.000000 

1.000000 

1.000000 

1.000000 

1.000000 

.000000 

.ocoooo 

.000000 

.000000 

.000000 
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!  Launch  Prioritization  (Second  Reouced  Vtrston) 

I 

i  u(K-A)  =  .452 
!  uCK-B)  »  .644 
1  u(K-C)  «  .377 
!  u(K-D)  =  .386 
!  u<K-E)  ■  .450 
! 

MAX  .452  A  +  .644  B  +  .377  C  r  .386  0  ♦  .450  E 

! 

SUBJECT  TO 

! 

A  <=  1 

a  <»  1 

c  <»  1 
0  <»  1 
E  <»  1 

A  +  B  ♦  E  <=2 

END 

LEAVE 


LP  OPTlfiUh  FOUND  AT  STEP  4 
oeJECTIVE  FUNCTIOfj  VALUE 


1) 

1.8590000 

VARIABLE 

VALUE 

REDUCED  COST 

A 

1.000000 

.000000 

B 

1.000000 

.000000 

C 

1.000000 

.000000 

0 

1.000000 

.000000 

E 

.000000 

.002000 

ROU 

SLACK  OR  SURPLUS 

DUAL  PRICES 

2) 

.000000 

.000000 

3) 

.000000 

.192000 

4) 

.000000 

.377000 

5) 

.000000 

.386000 

6) 

1.000000 

.000000 

7) 

.000000 

.452000 

NO.  IT6RATI0NS=  4 

RAN6ES  IN  WHICH  THE  BASIS  IS 

UNCHA.HSED: 

OBJ 

COEFFICIENT  RANGES 

VARIABLE 

CURRENT 

ALLOWABLE 

ALLOWABLE 

COEF 

INCREASE 

DECREASE 

A 

.452000 

.192000 

.002000 

B 

.644000 

INFINITY 

.192000 

c 

.377000 

INFINITY 

,377000 

0 

.386000 

INFINITY 

.386000 

E 

.450000 

.002000 

INFINITY 

RISHTHANO  SIDE  RANGES 

ROU 

CURRENT 

allowable 

ALLOWABLE 

RHS 

INCREASE 

DECREASE 

2 

1.000000 

INFINITY 

.000000 

3 

1.000000 

1.000000 

.000000 

4 

1.000000 

INFINITY 

1.000000 

5 

1.000000 

INFINITY 

1.000000 

6 

1.000000 

INFINITY 

1.000000 

7 

2.000000 

.000000 

1.000000 

0-4 


THE  TABLEAU 


ROU  (BASIS) 

A 

8 

c 

D 

E 

1  ART 

.000 

.000 

.000 

.000 

.002 

2  SLK 

2 

.000 

.000 

.000 

.000 

-1.000 

3 

B 

.000 

1.000 

.000 

.000 

.000 

4 

c 

.000 

.000 

1.000 

.000 

.000 

5 

D 

.000 

.000 

.000 

1.000 

.000 

6  SLK 

6 

.000 

.000 

.000 

.000 

1.000 

7 

A 

1.000 

.000 

.000 

.000 

1.000 

ROU 

SLK  2 

SLK  3 

SLK  4 

SLK  S 

SLK  6 

1 

.000 

.192 

.377 

.386 

.000 

2 

1.000 

1.000 

.000 

.000 

.000 

3 

.000 

1.000 

.000 

.000 

.000 

4 

.000 

.000 

1.000 

.000 

.000 

5 

.000 

.000 

.000 

1.000 

.000 

6 

.000 

.000 

.000 

.000 

1.000 

7 

.000 

-1.000 

.000 

.000 

.000 

ROU 

SLK  7 

1 

CM 

in 

1.8S9 

2 

-1.000 

.000 

3 

.000 

1.000 

4 

.000 

1.000 

5 

.000 

1.000 

6 

.000 

1.000 

7 

1.000 

1.000 
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